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Abstract: In this dissertation, I study physics beyond the standard model of particle physics with
a particular focus on unification. SO(10) grand unified theories (GUTs) provide such a framework.
Chapter 2 is devoted to construction of a minimal version of such models which has the potential to
describe all physics below GUT energy scale. I study the evolution of gauge couplings in a minimal
renormalizable SO(10) model with threshold corrections and conclude that the model generally
predicts an upper bound of few times 1035 yrs for proton lifetime, which is not too far from the
present Super-Kamiokande limit of τp & 1.4×1034 yrs. The branching ratios for proton decay are also
calculable with the leading modes being p→ e+π0 and p→ νπ+. Chapter 3 involves the implication
of a mechanism known as radiative electroweak symmetry breaking where loop corrections to the
mass parameter of the Higgs triggers the electroweak symmetry breaking. Several simple extensions
of Standard model have the proper ingredients to perform radiative electroweak symmetry breaking
and they can have negative Higgs mass parameter in low energy while the mass parameter is positive
at high energy. It is also shown that for each case, the potential remains bounded and the theory
remains in perturbative regime. Chapter 4 is dedicated to the flavor puzzle of standard model where
the maximal subgroup of global flavor group of fermions of SM has been gauged and subsequently
broken down in such a manner that the flavor constraints are not violated. In such a model one
can find a scalar particle of 750 GeV mass which can decay in the diphoton channel providing an
explanation of the recently reported diphoton excess. In Chapter 5, I investigate several dark matter
candidates in the context of SO(10) GUT as the Z2 symmetry makes the dark matter absolutely
stable. Such a Z2 symmetry is natural in SO(10) GUTs as it shows up as a remnant of B − L
generator. Here I find that fermionic singlet together with a scalar singlet can be viable dark
matter candidate. Other options like fermionic 10-plet with or without a fermionic singlet can also
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1.1 The Standard Model of Particle Physics
The Standard Model (SM) emerged in the early seventies [1, 2, 3] when particle physics was being
struck by a new generation of conundrums, specially the four fermion weak interaction theory en-
countering incurable divergences and the failure to apply perturbation theory to strong interaction
to do any practical calculation. The foundation of SM was based upon the understanding of sym-
metry, both global (like Lorentz symmetry) and local (like gauge symmetry), and renormalizability
of quantum field theory.
The journey towards one of the most successful models of particle physics began with the slow
understanding of symmetry principles. While Lorentz invariance of space and time indicated the
simplicity of nature at the deepest level, it was realized that different interactions were governed by
different internal symmetries among which most were not even exact. But it was not this “Global”
symmetry, but the “Local” symmetry that proved to be the most powerful one. Under this U(1)
Gauge (local) transformations the electric field experiences a phase change that can vary inde-
pendently at different space-time points, while the electromagnetic vector potential undergoes a
corresponding gauge transformation [4]. This was the crucial idea upon which Quantum Electrody-
namics was developed. In the seminal paper, published in 1954, Yang and Mills extended this idea
to non-Abelian groups like SU(2) [5]. The implication of Yang-Mills theory in the field of weak or
strong interaction was impeded by the fact that gauge symmetry forbids the gauge bosons to possess
any mass, while presence of any massless gauge boson would give rise to some new long range force
which was ruled out by cosmological consideration alone.
The concept of spontaneous symmetry breaking that there can be symmetries of the Lagrangian
which are not respected by the vacuum itself became the savior. For every generator of the global
symmetry group broken spontaneously there exist a massless boson, known as “Goldstone boson”
[6]. But the most interesting and important feature of this concept is that when the symmetry
is a local one, the Goldstone boson turns into the helicity zero part of a gauge boson, which in
1
turn becomes massive [7]. So, in SM we need a scalar particle known as Higgs, which is a doublet
under SU(2) group. It is this scalar field whose non-zero vacuum expectation value (vev) broke the
symmetry spontaneously and gave masses to the gauge bosons. It is not enough to give masses to
the gauge boson only. In SM, the fermions, the leptons and the quarks also acquire masses through
Yukawa interactions with this Higgs boson. This important ingrediant of SM was discovered in the
Large Hadron Collider (LHC) in 2012 [8, 9].
About the issue of renormalizability, it was t’Hooft in 1971 who used path integration to define
a gauge (known as t’Hooft Gauge) in which the theory was eventually proven to be renormaliz-
able in all orders of perturbation [10]. In the strong interaction sector, in 1973 Gross, Wilczek
and Politzer independently found that the non-Abelian gauge theories have a remarkable property
currently known as Asymptotic Freedom [11, 12]. The absence of both free quarks and gluons are
explained by a strange property of strong interaction known as color confinement, which states that
color charged particles cannot be isolated singularly, and therefore cannot be directly observed.
Then almost for three decades the SM was brushed and polished by a great number of theoretical
and experimental efforts. It managed to give many successful predictions like existence of neutral
currents and the masses of W± and Z bosons which were tested by experiments. The enormous
success of the standard model indicates the fact that the ultimate theory of particle physics should
not be very different from what we currently have. Even though we have strong reason to go beyond
SM, we can never discard this wonderful theory.
1.1.1 Structure of SM
The symmetry group (GSM ) under which the SM is invariant is given by
GSM = SU(3)C × SU(2)L × U(1)Y (1.1)
which is spontaneously broken into the group GBR
GBR = SU(3)C × U(1)Q (1.2)
So every field of the SM is associated with a gauge transformation:





where V = eiα
aTaeiβ
bRbeiγY . T a’s (a = 1 · · · 8) are the generators of color gauge group SU(3)C . The
strong force is mediated by gluons which transform under the adjoint representation of SU(3)C while
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the (anti) fermions (like (anti)quarks) transforming under (anti) fundamental representation respond
to strong force. Particles immune to strong force like leptons transform as singlets under SU(3)C
group. Rb’s are the three generators of SU(2)L which correspond to three gauge bosons mediating
weak force. Y is the generator of the Abelian group U(1) known as “Hypercharge”. The hypercharge
assignment is dictated by the corresponding electrical charge by the relation, Q = I3L + Y where














F aµν = ∂µA
a
ν − ∂νAaµ + gfabcAbµAcν . (1.5)
Here F aµν is the field strength tensor for the corresponding gauge field Amu
a. g is the gauge coupling
and fabc’s are the structure constants of the gauge groups.
The fermion fields of the SM along with their SM quantum numbers are denoted by:
QiL(3, 2, 1/6) =
uiL
diL




uiR(3, 1,−2/3); diR(3, 1, 1/3); eiR(1, 1, 1);
(1.6)
where i = 1− 3 denotes the generation and
QL → Left-handed quark doublet; `L → Left-handed lepton doublet
uR → right-handed up-type quark singlet; dR → right-handed down-type quark singlet
eR → right-handed charged lepton singlet
A very important feature of the fermion content of SM is that the left- and right-chiral components
belong to different representation of the weak group SU(2)L. One aspect of this distinction between
left- and right-components is preventing the Lagrangian from containing an explicit mass term as it
fails to be gauge invariant. To see this explicitly one can write gauge transformation of a fermion ψ














This term is not gauge invariant as for a model with chiral fermion ie. for which left and right
components of the fermion are not in the same representation, V †LVR 6= 1. So, the fermion part of
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S𝑼(𝟑)𝑪, Color Interaction 
𝑼(𝟏)𝑸, EM Interaction 
Photon 
Figure 1.1: Standard Model: Particle content and interactions
where Dµ is the covariant derivative and is given by:
Dµ → ∂µ + ig1Y Bµ + ig2Aµ + ig3Gµ. (1.9)
Explicit mass terms for the gauge bosons are also not invariant under gauge transformation and is
absent from Eq. (1.4). So, the gauge bosons in such a model have to be massless, which is not an
issue for the case of massless photon or gluons, but the massive gauge bosons W± and Z for the
weak interaction create a major dilemma.
To circumvent the apparent lack of mass in the theory, SM takes advantage of spontaneous
symmetry breaking with the Higgs mechanism. A complex spin zero scalar field known as the
“Higgs boson” which transform as




under SM gauge group is introduced to generate masses of all particles. The Higgs boson adds a
potential to the SM Lagrangian which unlike chiral fermions contains explicit mass term.
V (H) = −µ2H†H + λ(H†H)2 (1.11)
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Spontaneous symmetry breaking happens when the mass parameter of such a mass term is








and the vacuum fails to respect the corresponding gauge symmetry. v is known as the vacuum
expectation value (vev) of the scalar field which breaks the symmetry SU(2)L × U(1)Y down to
U(1)Q. As the broken symmetry is gauged one, the three corresponding generators (two off-diagonal
ones from SU(2)L and a linear combination of the diagonal generator of SU(2)L and U(1)Y ) absorb
three components of the scalar doublet (complex charged component and the imaginary part of the










As the interaction terms between the fermions and Higgs scalar (known as Yukawa terms) are
gauge invariant (ψLHψR → ψLV †LVLHψR) = ψLHψR), they are added to the SM Lagrangian.
Upon symmetry breaking when the Higgs boson develops a vev, the fermions ends up having a mass



























where Y is a dimensionless Yukawa coupling. And we see that the fermions obtain mass terms. The















R + h.c. (1.14)
For the case of the mass terms for the gauge bosons, one needs to expand the kinetic term of the




(DµH)†(DµH)− V (H) (1.15)
where Dµ is given by Eq. (1.9) and the potential V (H) is given by Eq. (1.11). Expanding the














, mA = 0 (1.16)
where Zµ and Aµ are the mass eigenstates of W
3
µ and Bµ and the mixing angles between them is
related to the gauge couplings by tan θW = g1/g2.
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So, the full Lagrangian of the Standard Model is given by:





































The success of SM has been repeatedly assured by numerous electroweak precision experiments
ever since it was first proposed. The existence of particles like massive W±-boson, Z-boson, charm
(c)-quark, top (t)-quark were all predicted by the SM before they were experimentally observed. It
was not only the prediction of the existence of the massive gauge bosons, the theoretical calcula-
tion of the masses themselves also turned out to be impeccable. SM’s prediction about anomalous
magnetic moment of the electron pans out to be accurate upto an order of one part in a billion.
SM is able to explain the details of Charge-Parity (CP) violation and mass splitting observed in the
neutral K-mesons. The ultimate triumph of SM comes with the discovery of the Higgs boson at
Large Hadron Collider (LHC) in 2002 which was predicted almost half a century ago.
1.1.2 Limitation of SM
In spite of all the successes of the SM, recent discoveries and observations have compelled us to think
beyond Standard Model (BSM). We have realized that the SM might not be the ultimate structure
of the nature. But there can be no denying of the success of SM. These facts inspire us to think
along the line that the SM might be a remnant of some higher symmetry and the “ultimate” model
reduces to the familiar SM or a model which appears very analogous to it.
We dedicate much of this dissertation to study such limitations of the SM and build models with
higher symmetries to address these issues. Thus before delving into the physics of BSM, one needs
to know the most important shortcomings of the SM such as neutrino oscillations, dark matter and
strong CP problem. There are also criticisms about SM which are of aesthetic in nature, but by no
means can be taken lightly as they often provide crucial guidance to fabricate models with higher
symmetries. These include issues like charge quantization, the fact that SM contains quite a few
free parameters with no apparent relationship between them and the existence of several (three to
be precise) copies of the same particles differing only by masses where the reason for such repetition
is absent. Experimental observations like dark energy or theoretical issues like quantum gravity are
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also unexplained by SM, but these topics will be out of scope of this dissertation and we will refrain
ourselves from discussing any details about them.
We now briefly discuss some of the aforementioned difficulties of SM which can be explained in
the framework of the BSM physics that will be considered in this dissertation.
Charge Quantization
One of the amazing phenomenon of nature is the equality of the electric charge of electron and
proton. Both from cosmological and astrophysical considerations (the absence of electrostatic forces
between galaxies) and laboratory considerations (study of neutral materials), it has been concluded
that the charge difference between proton and electron is below one part in 1021 [2], ie.∣∣∣∣1− QeQp
∣∣∣∣ < 10−21. (1.18)
In SM, the electron (which is a lepton) and quarks are placed in different multiplets. As the proton
consists of two up-type and a down-type quarks, the charge of proton and that of electron should not
necessarily be co-related at all. In SM, the hypercharge is assigned in such a way that the electric
charge coincides with the phenomenological ones without any theoretical motivation or underlying
principle. One should also note that this specific hypercharge assignment also keeps the SM anomaly
free.
Neutrino oscillation
In the late sixties, Homestake Experiment first detected the effects of neutrino oscillation by ob-
serving a deficit in the flux of solar neutrinos [14]. After that numerous experiments with solar,
atmospheric and reactor neutrinos have provided definitive evidence of neutrino oscillations and
a comprehensive picture began to emerge [15, 16, 17, 18]. Neutrino oscillation is a phenomenon
where a neutrino with a specific lepton flavor can be later detected to have a different flavor while
it propagates through space and it occurs due to the non-zero neutrino masses and mixings. In the
language of quantum field theory, the lepton flavor eigenstates of neutrinos (νe, νµ, ντ ) are the linear




U`jνjL(x); ` = e, µ, τ (1.19)
where U is the neutrino mixing matrix, also known as the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix.
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2 for normal hierarchy
−2.34+0.10−0.09 × 10−3eV
2 for inverted hierarchy
sin2 θ12 = 0.308± 0.017
sin2 θ23 =

0.437+0.033−0.023 for normal hierarchy
0.455+0.039−0.031 for inverted hierarchy
sin2 θ13 =

0.0234+0.0020−0.0019 for normal hierarchy
0.0240+0.0019−0.0022 for inverted hierarchy
(1.20)
where ∆m2ij = m
2
i −m2j . Neutrino experiments are not still sensitive to the sign of ∆m231 and hence
two possibilities exist. Normal hierarchy refers to the case where m1 < m2 < m3 and inverted
hierarchy is one for which m3 < m1 < m2.
In SM neutrino remains massless, as even with the Higgs boson and its vev, SM lacks a Lagrangian
term which can generate neutrino mass at renormalizable level (ie. mass dimension d = 4 operator is
absent). One can write a Yukawa term that can lead to neutrino mass by allowing higher dimensional
terms which is clearly suppressed by a new scale (M) of physics yet to be discovered:





When electroweak symmetry is spontaneously broken, the Higgs H get a vev v and neutrino ends
up getting a Majorana mass term




If M  v, neutrinos are naturally lighter than the charged fermions. But the new physics scale
M requires physics beyond SM. The wide range of possibilities can be classified into three major
catagories. In the first case, neutrinos may be simple Dirac fermions. For such a case one considers
the neutrino as a four-component spinor and νL,R are the left and right-handed chiral projection.
Then neutrino acquires a Dirac mass just like any other fermions after electroweak symmetry break-
ing via a mass term in the Yukawa part of the Lagrangian with the help of newly introduced
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right-handed (RH) neutrino. The term in the Lagrangian can be written as:
LY ⊃ YνvνLνR + h.c. = mDνLνR + h.c. (1.23)
But the smallness of the neutrino mass (mD) or neutrino Yukawa coupling (Yν) remains a mystery
and one needs to venture into the realm of extra dimension(s) to seek for answer. The RH neutrinos
can have Majorana masses and smallness of the masses arises from some sort of seesaw mechanism
occurring at a very high energy (the new scale M). The Majorana mass term for the right-handed
neutrinos can be written as
LM = mRνTRC−1νR (1.24)
where mR is the Majorana mass matrix. The SM Lagrangian along with the Dirac mass term for
neutrino is invariant under a global U(1) symmetry known as lepton number which gets broken by
the Majorana mass term by two units. Observation of such ∆L = 2 processes like neutrinoless dou-
ble β decay can be a strong indication of the Majorana character of neutrinos. Similar ∆L = 2 type
of operators become essential to explain one of the biggest mysteries of the universe - the asymmetry
between matter and anti-matter - via a process known as leptogenesis.






and the light neutrino mass is given by





Here mR often corresponds to the scale of new physics mentioned in Eq. (1.21) and for the cases
where mR  mD, the light neutrino mass gets naturally suppressed. This mechanism is known as
Type I seesaw mechanism for neutrino mass generation [19].
Instead of the RH neutrino, a scalar triplet, ∆L(1, 3, 1) can play the same role and introduce
tiny mass for neutrino. The Yukawa Lagrangian for the new triplet is given by:
LY (∆) = Yij∆`
T
i Ciσ2∆L`j + h.c. (1.27)
where i, j = 1 − 3 are the generation indices. And the scalar ∆L gets an induced vev through the
potential terms :








The neutrino mass turns out to be:
mν = Y∆〈∆〉 = Y∆
µv2
M2∆




One expects µ to be order of M∆ and if M∆  v, neutrinos are naturally light. Such a method to
generate tiny neutrino mass is known as Type-II seesaw.
Type-III seesaw mechanism is carried out by a weak triplet fermion TF (1, 3, 0), where the La-
gragian term is given by,
LY (TF ) = YT `TCσ2σ · TFH +MTTFCTF (1.30)








A third alternative is that the neutrino masses are generated by loop corrections, hence the masses
are suppressed by the loop factors. In these type of BSM cases, neutrino masses are forbidden at
tree level by some symmetry and are generated at one or higher loop level. The first proposal of
this type of radiative neutrino mass models are Zee model [20] (based on one-loop mass generation)
and the Zee-Babu model [21] (based on two-loop mass generation).
Dark Matter
The existence of Dark Matter (DM) is one of the most astounding revelations of the twentieth
century. It undoubtedly pervades the universe at a rate much higher than the ordinary baryonic
matter. The total mass-energy of the known universe contains 4.9% ordinary matter, 26.8% dark
matter and the rest is contributed by dark energy [1].
One of the earliest, yet perhaps still the most convincing evidence of DM came from the mea-
surement of galactic rotation curves [23]. This astronomical observation revealed that rotational
velocities of various luminous objects specially at the outer rims of the galaxies are much higher
than one would expect if they were only affected by the gravitational force of other visible objects.
This implies the existence of a dark halo with a mass density which falls with a inverse square law
upto certain distance. Another particularly compelling astronomical example involves the bullet
cluster (1E0657-558) which passed through another cluster [25]. During the collision while galaxies
in the clusters proceeded on ballistic trajectories and stars easily passed each other, the hot gas
forming most of the clusters’ baryonic mass was shocked and decelerated. Using gravitational lens-
ing techniques and measurement of the baryons by optical, infrared and X-ray data, the mass of the
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Figure 1.2: Rotation curve of a typical spiral galaxy: predicted and observed. Dark matter can
explain the ‘flat’ appearance of the velocity curve out to a large radius [24]
(a) (b)
Figure 1.3: (a)The Bullet Cluster: Hubble Space Telescope image with overlays. The total projected
mass distribution reconstructed from strong and weak gravitational lensing is shown in blue, while the
X-ray emitting hot gas observed with Chandra X-ray Observatory is shown in red. (b)Mass density
contours of the bullet cluster superimposed over photograph taken with Hubble Space Telescope.
(Source: Wikipedia)
stars (and any possible unknown substance that (almost) did not interact during the collision) was
measured separated from the gas. This observation revealed that the mass of the clusters is made
of 1% of baryons observable in optical and infrared data, 11% of baryons observable in X-ray data
and the remaining 88% in DM component.
The currently most accurate determination of the critical density of DM comes from the global
fits of cosmological parameters. For example, using measurements of the anisotropy of the Cosmic
microwave background (CMB) and of the patial distribution of galaxies, we find that the density of
cold, non-baryonic dark matter is:
ΩDMh
2 ∼ 0.1186± 0.0020 (1.32)




2 ∼ 0.02226± 0.00023. (1.33)
Even though more than 80% of the energy density of matter in the universe is composed of such
non-baryonic dark matter, SM of particle physics cannot explain this observation as it lacks any
candidate for such (dark) matter.
Strong CP problem
The violation of CP -symmetry in weak sector is a well established phenomenon which has been
experimentally seen in the Neutral Kaon, K and B meson systems. As the complicated QCD
vacuum structure admits a Lagrangian term Lθ, one would expect such CP violation in the strong






where G̃aµν = 1/2 εµναβ Gaαβ is the dual field strength for the gluon. The physically observable
parameter θ is a combination of θ and the phases of the quark masses and is given as:
θ = θ + Arg[Det(Mq)] (1.35)
where Mq is the quark mass matrix.
The most stringent constraint on the value of θ is provided by the neutron electric dipole moment
experiment which says θ < 10−10 [26] [27]. A fundamental dimensionless parameter appearing in
the SM Lagrangian should naturally be of the order one. The lack of explanation of the apparent
minuscule value of the θ parameter is known as Strong CP problem.
Flavor Puzzle
SM Lagrangian contains 19 parameters among which the three gauge couplings belong to the gauge
sector, two of them (Higgs quartic coupling and Higgs mass-parameter) belong to the Higgs sector
and the remaining 14 parameters (six quark masses, three charged lepton masses, three quark mixing
angles, one weak CP violating phase, one strong CP violating term which is intimately related with
quark masses) deal with the masses and mixings of the quarks and leptons. This is known as the
flavor sector. If we consider neutrino oscillations we have to introduce nine more parameters (three
neutrino masses, three mixing angles and three CP violating phases), all of which belong to flavor
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sector.
Numerous experiments have provided abundant information on the numerical values of these
parameters to an astonishing degree of precision. Still any fundamental understanding of the origin
of these parameters is yet to emerge. Questions regarding the number of generations of fermions
and the strong hierarchy between the charged fermions spanning some six orders of magnitude while
top Yukawa is of order one are yet to be answered. This lack of understanding is often referred to
“flavor puzzle”.
1.1.3 Organisation of this Dissertation
This dissertation studies physics beyond the standard model with a particular focus on unifica-
tion. This class of models beyond the standard model addresses some of these puzzles mentioned
in the previous subsection. This dissertation is organized as follows. In chapter 2, we study a
minimal version of renormalizable non-supersymmetric SO(10) grand unified model. At first we
argue that the minimal realistic version consists a symmetry breaking sector with Higgs fields in
the 54H + 126H + 10H representations. This model admits a single intermediate scale associated
with Pati-Salam symmetry along with a discrete parity. We study the gauge couplings unification
of the model with threshold corrections and show that contrary to the popular belief the model
successfully unifies the couplings at a high enough energy scale which is compatible with the current
experimental bound on proton lifetime. Moreover this analysis is done while keeping the Yukawa
sector of the model realistic which consists of only two matrices in family space and leads to a predic-
tive scenario for quark and lepton masses and mixings. We introduce Pecci-Quinn global symmetry
for a three-fold reason. It simultaneously keeps the Yukawa sector predictive, solves the strong CP
problem and also provides a suitable dark matter candidate. The most exciting aspect of the model
turns out to be that the model generally predicts an upper bound of few times 1035 yrs for pro-
ton lifetime, which is not too far from the present Super-Kamiokande limit of τp & 1.4×1034 yrs [36].
In Chapter 3, we study a general mechanism of electroweak symmetry breaking by evolution of
mass parameter of the theory known as “Radiative Electroweak Symmetry Breaking”. Even though
the mechanism fails to work in SM due to the dominance of gauge coupling contributions to the evo-
lution of Higgs mass parameter, the mechanism is quite successful in various extensions of SM. For
this, we write down the complete set of renormalization group equations (RGEs) for various models
and also determine the boundedness conditions for the potential. With these sets of equations we
evolve all the couplings and mass parameters of the model while keeping track of boundedness con-
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ditions all the way. We only consider the solutions which are in the perturbative regime. By this
method, we show that for various simple extensions of SM, one can break the eletroweak symmetry
radiatively, as there exists solutions to the RGEs that allow negative electroweak mass parameter
at low energy while it becomes positive at high energy.We showed that such a radiative electroweak
symmetry breaking can occur for SM extensions like Type-II seesaw model, radiative neutrino mass
model and the inert doublet model. Even the simplest extension of SM by a real scalar singlet can
perform such a radiative symmetry breaking and under suitable condition the electroweak vacuum
becomes stable upto planck scale. We have also analyzed a variant of quark seesaw model which
was originally based on a left-right symmetric model and introduces TeV scale vector-like fermions.
The model can accommodate a scalar of 750 GeV which is the potential candidate particle for the
recently reported excess at around 750 GeV diphoton invariant mass, but with a signal strength
lower than initially reported down.
In Chapter 4, we construct a flavor model by gauging a maximal subgroup of the global flavor
group possessed by the SM fermions. This flavor gauge group O(3)L×O(3)R is spontaneously broken
down toD3L×D3R group. In thisD3 preserving limit, the first and the second generations of fermions
are treated in the same manner while the third generation gets seperated. This attractive feature is
supported by flavor constraints if the symmetry is further broken down by a smaller order. We study
various possibilities of such breaking and find that for certain scalar sector used for symmetry break-
ing one can explain the recently reported excess in the 750 GeV diphoton invariant mass. We show
that such a model can produce the right order of production crosssection × Branching ratio ≈ 3 fb
while the decay width is of the order of 5 GeV.
In Chapter 5, we study various possibilities of dark matter candidate in the context of SO(10)
grand unified theories (GUTs). At first we show that SO(10) GUT can provide an excellent frame-
work to provide a well-motivated Z2 symmetry which is a remnant of B−L generator. We show that
even though the singlet fermion is the simplest case and is absolutely stable due to the Z2 symmetry,
it fails to be viable dark matter as it is very weakly coupled to the SM sector. The introduction of a
singlet scalar can elevate such an issue and provide a Higgs portal to SM particles. We also discuss
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A MINIMAL NON-SUPERSYMMTRIC SO(10) MODEL: GAUGE COUPLING
UNIFICATION, PROTON DECAY AND FERMION MASSES
2.1 Introduction
The desire to achieve true unification of the strong, weak and electromagnetic forces under one
simple non-abelian gauge group gave birth to the idea of Grand Unified Theories (GUTs) [1, 2, 3, 4].
The absence of an abelian factor in such unified theories readily quantizes electric charges, an
observational feature left unexplained in the Standard Model (SM), which has served as one of
the primary motivations of GUTs [3]. Yet, the initially introduced minimal SU(5) model fails to
unify the three gauge couplings [5]. The SU(3)-color and SU(2)-weak gauge couplings meet around
1016 GeV while the U(1)-hypercharge gauge coupling meets SU(2) gauge coupling at a much lower
energy scale of 1013 GeV, which is too low to comply with the experimental limits on proton lifetime.
Of course, such an issue is absent in a low energy supersymmtric (SUSY) SU(5) GUT where the
three gauge couplings merge to a common value around 2× 1016 GeV1 [5].
The discovery of a Standard Model-like Higgs boson became the crowning event of the first run
of LHC [6]. The triumph of SM and the absence of any compelling evidence (such as signals for new
particles or exotic phenomena) of physics beyond SM in the LHC data, are making a large portion of
the physics community rethink about the next step in the field. Supersymmetry (SUSY), one of the
most elegant and successful solutions of the hierarchy problem [7] along with the WIMP (Weakly
Interacting Massive Particle) scenario for dark matter, has been the most widely studied candidate
of physics beyond SM at the TeV scale. Even though there is absolutely no reason to abandon the
hopes of finding the necessary traces of new physics to solve such issues in the second run of LHC,
one should also entertain the possibility that the hierarchy problem may simply be “solved” by fine-
tuning. There exists a variety of approaches to justify such fine-tuning [8, 9]. One might invoke the
anthropic principle, which has been much talked about in the field of cosmology [10] as the observed
value of the cosmological constant Λ poses an unsolved naturalness problem of larger magnitude [11].
1In supersymmetry GUTs, the rate for proton decay Γ(p→ νK+) arising from color triplet Higgsino exchange has
to comply with experimental limits, which is a non-trivial task for SUSY GUT model building.
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If one considers a universe with domains which can have different values of some of the underlying
parameters like the Higgs boson mass, it has been argued that the observed values of the masses are
reasonably typical of the anthropically allowed ranges [12]. One can look for answers in the much
more debatable idea of infinite number of universes (multiverse) continuously created by quantum
fluctuations and we happen to live in a very unlikely one [13]. In string theory landscape picture,
our universe might be just one example out of 10500 possible solutions [14]. Or the “hierarchy
problem” may very well be an artificially created one in quantum field theories which necessarily
require regularization of infinities. Despite the philosophical point of view one might adopt, the lack
of hard evidence of new physics sparked the revival of a class of BSMs (Beyond Standard Models)
known as non-SUSY Grand Unified Theories, which ignores the hierarchy problem while trying to
remain consistent with all the phenomenological constraints and predicting their own experimental
signatures [8, 15, 16, 17, 18, 19, 9, 9].
SO(10) grand unified theory [21] is undoubtedly the best motivated candidate in the above-
mentioned class of models. Instead of taking help from supersymmetry to unify all the three gauge
couplings, it relies on the fact that the rank-5 SO(10) group can accommodate one or more inter-
mediate scales between the unified scale and the weak scale [22, 23, 24, 25, 26, 27, 28]. As the gauge
group structure changes (for example, U(1) is usually embedded in SU(2)R) above the intermediate
scale, so does the running of the gauge couplings, allowing for the possibility of unification of all three
gauge couplings. The fact that SO(10) GUT is naturally free of anomalies [21] and that it unifies
one generation of fermions (both leptons and quarks) into a 16-dimensional spinorial representation
(16F ) only enhance the beauty of the model. This is due to the fact that the SO(10) symmetry
includes quark-lepton symmetry (SU(4)C) [2] and the left-right symmetry (SU(2)L×SU(2)R) [29].
Unlike SU(5), the 16F representation also includes a right-handed neutrino and provides an ap-
pealing explanation of small neutrino masses and oscillations through the seesaw mechanism [2, 31].
This setup has all the ingredients to explain the observed baryon asymmetry of the universe either
by leptogenesis [32, 33] or by B − L violating decays of new scalar states [34, 35].
Our goal in this paper is to construct the most minimal non-supersymmetric SO(10) model.
We shall be guided by simplicity and minimality, while being consistent with proton lifetime bound
[36, 37], staying in agreement with the fermion masses and mixings [18], providing axion as a suitable
candidate for dark matter while solving the strong CP problem [38]. The model should be able to
address the issue of the instability of the electroweak vacuum2 with SM singlet(s) and other particles
2The study of the stability of the SM eletroweak vacuum has shown that for a Higgs mass of 125.5 ± 0.5 GeV
the Higgs quartic coupling of SM becomes negative around (1010 − 1011) GeV energy scale [39] , indicating that we
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lying inside the Higgs sector of the model. Inflation might be generated by a gravitationally coupled
SM singlet(s) outside the model, or SM singlet(s) already present in the model may do the trick.
Search for such a minimal, yet realistic, unified model is highly non-trivial as the constraints
provided by phenomenology are quiet demanding. After going through the process of selecting the
Higgs sector, we end up with a symmetry breaking pattern:
SO(10)
54H−−→ SU(4)C × SU(2)L × SU(2)R ×D
126H−−−→ SU(3)C × SU(2)L × U(1)Y
10H−−→ SU(3)C × U(1)em.
From the viewpoint of minimal Higgs sector, this symmetry breaking chain is the simplest, employing
a single real 54H , a complex 126H and a complex 10H . Even though earlier works [26, 27, 28, 42]
may have prematurely sentenced this model as an unrealistic candidate for its failure to provide a
high enough energy scale of gauge coupling unification to be compatible with proton lifetime limits,
we decided to analyze the model more carefully before passing out the final verdict. Our detailed
analysis of the model included the threshold corrections coming from the scalar and gauge boson
sectors with complete mass spectrum. We also include effects of introducing the PQ-symmetry and
its breaking by a singlet scalar, requiring compatibility with realistic and predictable Yukawa sector,
and fine-tuning the hierarchy issue in the Higgs doublet sector.
We find from an explicit computation of the Higgs boson masses obtained by analyzing the
Higgs potential of the model for the first time, that indeed compatibility with proton lifetime can
be achieved. Rather than assuming the heavy Higgs bosons to have masses spread over an order
of magnitude either way from the intermediate or GUT scale that has been employed traditionally,
we chose the fundamental couplings of the Higgs potential to vary within a reasonable range, which
provides more stringent constraints.
2.2 The Model
In this section we present our logic for choosing the symmetry breaking sector and describe qualita-
tively the emergence of an intermediate scale. After establishing the symmetry breaking pattern, we
determine the energy scales associated with each Higgs multiplet in such a way that the arrangement
is in agreement with phenomenological constraints.
might be living in a metastable universe. The electroweak vacuum can be stabilized by the threshold effect of a single
scalar with vacuum expectation value close to the instability energy scale [40, 41]. Such a scalar arises naturally in
our framework as a remnant of the PQ symmetry breaking.
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2.2.1 Choice of the Higgs sector
The representations of the Higgs bosons primarily dictate the breaking of any higher gauge symmetry
group down to lower ones [43]. Various low dimensional scalar representations - 10H , 16H , 45H , 54H ,
120H , 126H ,144H , 210H -plets - have been used to break the SO(10) group. Depending on the choice
of the Higgs, it is possible to find multiple distinct breaking chains all of which end up in the SM
symmetry. In this work, we are guided by the philosophy of minimality while staying within the
perimeter of phenomenological constraints. As minimal non-supersymmtric SU(5) (with no light
exotics) corresponds to a proton lifetime which has been already ruled out by Super-Komiakande
[36], between the two maximal subgroup of SO(10) that contains SM, namely SU(5)× U(1)X and
SU(4)C × SU(2)L × SU(2)R, the latter one is preferred in the breaking chain.
A simple choice of Higgs sector consisting 45H+16H tends to break SO(10) to SU(5). Alternative
breaking channels fail to possess a gauge hierarchy at tree level in which SU(2)L × SU(2)R × U(1)
or SU(4)C makes an appearance resulting in a tachyonic mass spectrum [44, 45, 46]. The same
comment holds for the Higgs system consisting of 45H + 126H . Recently quantum salvation of these
type of models has been shown by assuming that loop level contribution to the Higgs masses surpass
the tree level ones [47]. In a series of papers, the details of these type of models were discussed [16].
While interesting, we view such models as not the very minimal, at least in the technical sense, since
loop corrections are essential to stabilize the tree level potential.
The next choice is naturally 54H+16H . But the absence of any non-trivial cross-coupling between
54H and 16H promotes the global symmetry to SO(10) × SO(10) in this case. 54H breaks one of
them down to Pati-Salam (PS) symmetry with D-parity3 (SU(4)C × SU(2)L × SU(2)R ×D) while
16H breaks the other SO(10) to SU(5) corresponding to a larger symmetry breaking which leaves an
unwanted extra massless Goldstone boson in the
{
(3, 2, 16 ) + h.c.
}
representation of the SM gauge
symmetry.4
3D-parity is a discrete symmetry residing in the SO(10) group which behaves similar to parity (P ) or charge
conjugation (C) operator, at least in the case of fermions (for example, D(4, 1, 2)PS = (4, 2, 1)PS or simply q → qC).
For the scalar sector, the effect of D-parity is a little different from C or P . For example, both 54H and 210H
lead to the maximal little groups being the Pati-Salam group, as both possess a Pati-Salam singlet (1, 1, 1)PS . Yet
the singlet in 54H is “D-even”, D(1, 1, 1)PS = (1, 1, 1)PS , in contrast to the singlet in 210H which is “D-odd”,
D(1, 1, 1)PS = −(1, 1, 1)PS . So, if one breaks SO(10) with the vacuum expectation value (vev) of 54H , D-parity is
intact and one ends up getting gL = gR at the energy scale associated with right-handed gauge boson (W
±
R ), unlike
the case of breaking initiated by the vev of 210H . As this discrete symmetry was used for the first time to decouple
the Parity and SU(2)R breaking scales, it earned the name “D-parity” [48].
4It will be interesting to study quantum salvation of such a model. We note, however, that generating large
Majorana neutrino masses in this case would require introduction of new SO(10) singlet fermions, which would make
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In contrast, Higgs sector consisting a real 54H and a complex 126H along with a complex 10H has
all the properties that one needs to build a successful and predictive non-supersymmetric minimal
SO(10) GUT. In this case the symmetry breaking pattern is as shown in Fig. 2.1.
Figure 2.1: SO(10) symmetry breaking pattern with a Higgs sector consisting of 54H + 126H + 10H .
In this breaking chain,
(i) A real 54H breaks the SO(10) symmetry to the Pati-Salam symmetry with D-parity.
(ii) A complex 126H breaks the Pati-Salam symmetry to the Standard Model.
(iii) A complex 10H is used to perform the electroweak scale breaking.
Even though a real 10H is good enough to break the last stage of symmetry, a complex 10H has
been used here as the complex version is needed along with the complex 126H to reproduce realistic
fermion masses as argued in Ref. [8]. The decomposition of the Higgs fields under the Pati-Salam
(PS) group (SU(4)C ×SU(2)L×SU(2)R), the Standard Model group (SU(3)C ×SU(2)L×U(1)Y )
and SU(5)× U(1)X are given in the Table 2.1.
2.2.2 Associated Energy Scales
In general, there are five possible energy scales associated with the left-right decomposition of any
SO(10) model, namely: (i) MU for SO(10)→ SU(4)C × SU(2)L × SU(2)R, (ii) MC for SU(4)C →
SU(3)C × U(1)B−L, (iii) MR for SU(2)R → U(1)R, (iv) M ′R for U(1)R × U(1)B−L → U(1)Y and
(v) MW for SU(2)L × U(1)Y → U(1)em [46]. In this minimal model, all three scales besides MU
and MW merge together and we will call the energy scale MC = MR = M
′
R ≡MI , the intermediate
scale. The presence of only one intermediate scale (MI) in between unified scale (MU ) and the
eletroweak scale (MW ) makes the model highly constrained and predictive.
the model not so minimal.
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Extended Survival Hypothesis: To ascertain the energy scales of all the Higgs multiplets, we evoke
the philosophy known as “Extended Survival Hypothesis”. This is an extension of Georgi’s “Survival
Hypothesis” for fermions [49] which states “the representation that is invariant of the gauge group
do acquire super-large mass”. It was later extended to include scalar particles by the hypothesis:
“Higgs acquire the maximum mass compatible with the symmetry breaking.”[50, 51]. Here we will
employ a more relaxed version of the hypothesis by stating that “Higgs multiplets remain at the
maximum energy scale compatible with the symmetry breaking and phenomenological constraints.”
This is essentially a hypothesis of minimal fine-tuning.
According to this hypothesis, all the components of the 54H remain at the unification scale, MU .
The 126H decomposes as Σ1(6, 1, 1)PS ⊕ Σ2(10, 3, 1)PS ⊕ Σ3(10, 1, 3)PS ⊕ Σ4(15, 2, 2)PS under PS





, all the components of Σ3(10, 1, 3)PS must remain at MI . Due to the D-
parity, the Σ2(10, 3, 1)PS multiplet also remains at MI . To reproduce all the realistic fermion masses
and mixings, the Σ4(15, 2, 2)PS needs to stay at the intermediate scale MI . This is due to the fact
that if Σ4(15, 2, 2)PS lives at the unification scale, the induced electroweak vev of Σ4(15, 2, 2)PS will
get suppressed by the square of the ratio of intermediate scale and unification scale. In general such
a small induced vev fails to correct the mass relations generated by only one complex 10H Higgs [52].
These bad mass relations include VCKM = 1 and mu : mc : mt = md : ms : mb = me : mµ : mτ .
These wrong relations can be appropriately modified if the induced vev’s are in the right order.
Induced vev of order mb is needed for Σ4(15, 2, 2)PS and a suppression of (MI/MU)
2 ∼ 10−4 will
be insufficient. Hence the need for Σ4(15, 2, 2)PS being at MI . As 126H and 54H have only one
non-trivial cross coupling, the Σ1(6, 1, 1)PS multiplet does not have enough freedom to be at the
unification energy scale MU and will be brought down to MI . This is a consequence of explicit Higgs
potential analysis. In short, the whole 126H has to be at the intermediate scale, MI .
The weak scale breaking in this model is achieved by a complex 10H . So, only one of the doublets
of SM needs to be at the weak scale. The other doublet needs to stay at the intermediate scale for the
same reason as Σ4(15, 2, 2)PS . The rest of the multiplets (the color triplets) from 10H will acquire
masses of the order of the unification scale MU .
2.3 Running of gauge couplings using two loop Renormalization Group Equations
In general, the three gauge couplings of the SM do not coincide at a single point when extrapolated
using the SM renormalization group equation to high energy. But if a specific GUT, like the one
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SO(10) SU(4)C × SU(2)L × SU(2)R SU(3)C × SU(2)L ×U(1)Y SU(5) ×U(1)X Scale
10
HT (6, 1, 1)
T1(3, 1,− 13 ) (5,−2) MU
T2(3, 1,+
1
3 ) (5,+2) MU
HD(1, 2, 2)
H1(1, 2,− 12 ) (5,−2) MW
H2(1, 2,+
1
2 ) (5,+2) MI
54
ζ1(1, 3, 3)
ζ11(1, 3− 1) (15,−4) MU
ζ12(1, 3, 0) (24, 0) MU
ζ13(1, 3,+1) (15,+4) MU
ζ2(6, 2, 2)
ζ21(3, 2,− 56 ) (24, 0) MU
ζ22(3, 2,+
1
6 ) (15,−4) MU
ζ23(3, 2,− 16 ) (15,−4) MU
ζ24(3, 2,+
5





3 ) (15,+4) MU
ζ32(6, 1,− 23 ) (15,−4) MU
ζ33(8, 1, 0) (24, 0) MU
ζ0(1, 1, 1) ζ00(1, 1, 0) (24, 0) MU
126
Σ1(6, 1, 1)
Σ11(3, 1,− 13 ) (45,−2) MU
Σ12(3, 1,+
1
3 ) (5,+2) MU
Σ2(10, 3, 1)
Σ21(1, 3,−1) (15,−6) MI
Σ22(3, 3,− 13 ) (45,−2) MI
Σ23(6, 3,+
1
3 ) (50,+2) MI
Σ3(10, 1, 3)
Σ31(1, 1, 0) (1,+10) MI
Σ32(1, 1,+1) (10,+6) MI
Σ33(1, 1,+2) (50,+2) MI
Σ34(3, 1,+
4
3 ) (10,+6) MI
Σ35(3, 1,+
1
3 ) (50,+2) MI
Σ36(3, 1,− 23 ) (45,−2) MI
Σ37(6, 1,− 43 ) (50,+2) MI
Σ38(6, 1,− 13 ) (45,−2) MI
Σ39(6, 1,+
2
3 ) (15,−6) MI
Σ4(15, 2, 2)
Σ41(1, 2,− 12 ) (5,+2) MI
Σ42(1, 2,+
1
2 ) (45,−2) MI
Σ43(3, 2,+
7
6 ) (50,+2) MI
Σ44(3, 2,+
1
6 ) (10,+6) MI
Σ45(3, 2,− 16 ) (15,−6) MI
Σ46(3, 2,− 76 ) (45,−2) MI
Σ47(8, 2,− 12 ) (50,+2) MI
Σ48(8, 2,+
1
2 ) (45,−2) MI
Table 2.1: Decomposition of the scalar representations with respect to various SO(10) subgroups.
The “scale” indicates expectation based on extended survival hypothesis. The Higgs multiplets in
red (or bold) are the massless Goldstone bosons which are absorbed by the corresponding gauge
bosons.
24
under study, requires some Higgs bosons and gauge bosons other than the SM ones at a scale below
MU and the newly introduced bosons have substantial effects on the beta functions, then it might
be possible to assign suitable masses to these bosons and achieve unification of couplings. After
specifying the Higgs sector of the model and the symmetry breaking pattern, one needs to run the
couplings of the gauge groups with the appropriate beta functions and determine the status of the
unification of the model under study.



























































Here S2 and C2 denote the Dynkin indices of the representations with the appropriate multiplicity
factors (one has to be careful about whether the representation is complex or real) and the quadratic
Casimir of a given representation. κ = 1, 12 for Dirac and Weyl fermions and η = 1, 2 for real and
complex scalar fields. G, F and S stand for gauge multiplets, fermions and scalars.
































The one-loop and two-loop β-function coefficients for the Standard Model (valid for MW ≤ µ ≤MI),















































Here we have used the intermediate scale scalar spectrum of Table 2.1, along with the intermediate
gauge symmetry SU(4)C × SU(2)L × SU(2)R ×D.
The appropriate matching conditions for two-loop RGE, when a simple gauge group G sponta-





































Here V , F and S denote respectively vector, fermion and scalar particles that are integrated out at
the matching scale µ; CG and Ci denote the quadratic Casimir invariants of the groups G and Gi;
ti{V,F,S}’s are the generators of the lower symmetry Gi for the representations in which the heavy -
Gauge bosons, fermions, scalar bosons - appear; PGB is a projection operator which projects out all
the Goldstone bosons.
Equipped with all these RGE’s and matching conditions given above, it becomes straightforward
to determine the intermediate scale MI and the unification scale MU for our model. Let us first find
out these scales completely ignoring the threshold corrections stemming from the gauge bosons and
unknown masses of the Higgs particles. In this scenario, we assume that all the Higgs and gauge
boson masses are degenerate with masses equal to either MI or MU as dictated by the extended






















As input at µ = MZ , we use
α−11Y = 3/5 α
−1




MZ = 91.1876 GeV; α
−1
em = 127.940;
sin2 θ = 0.23126; α3c = 0.1185. (2.11)
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Figure 2.2: Running of gauge couplings without threshold corrections using two-loop RGE. Pati-
Salam symmetry with D parity is assumed as the intermediate scale. The dotted vertical lines
correspond to the intermediate scale and the unification scale.
By solving the two-loop RGE numerically, one obtains the intermediate scale to be 4.62 ×
1013 GeV and the unification scale to be 1.22 × 1015 GeV. Such a unification scale is obviously
ruled out by the current bound on proton lifetime, τp(p → e+π0) > 1.29 × 1034 yrs which requires
MU & (5 ∼ 7) × 1015 GeV [36]. It is this feature that has made the model less studied. But as
we show in the next section, threshold corrections arising from the scalar sector at MI and MU can
nicely rectify the situation and make the model consistent and still testable.
2.4 Threshold corrections
A fundamental limitation of all GUTs is the lack of underlying physics required to predict the masses
of Higgs bosons and thus the threshold corrections associated with them. To improve the situation
somewhat, one can always go through the tedious process of writing down the whole Lagrangian for
the SO(10) model and then derive the scalar particle mass spectrum in terms of the couplings and
vev’s of the SO(10) Lagrangian. In such a scenario, the couplings and vev’s are only constrained by
the phenomenology and perturbitivity arguments.
Even though the scale of the physics, masses of the gauge bosons and the Higgs bosons should
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be around the same order of energy, nothing dictates that they should all be exactly the same. On
a stronger note, one can say that even though some of them can be degenerate, it is unlikely that
all of them are. And this distribution of masses and vev’s generates the threshold corrections. This
becomes a very important factor for Higgs bosons belonging to a large representation such as 126H .
The predictions of the model derived while ignoring the threshold corrections becomes unreliable.
Here we proceed to take account of these corrections and study the resulting modification of the
values of MI and MU . At first we include the threshold corrections in a very generic manner. At this
stage, we assume that all the Higgs masses are independent and they are selected in a completely
random manner. The only constraint that we put on the Higgs masses is due to the extended survival
hypothesis. We kept the ratio, R of Higgs boson mass and the corresponding gauge boson masses to
be between R = {1/10, 1/20, 1/33} and R = 2. While ignoring any relations between the scalar masses,
this analysis gives us the maximum threshold correction to the energy scales in terms of the spread
of the distribution of scalar masses.
Defining the Pati-Salam Scale MPS
Low energy experimental data fixes the initial points for the running of the gauge couplings while
demand of unification puts a couple of constraints on the evolution. These determine two unique
scales of the model. Let us consider the running of the three gauge couplings up to a scale Λi which



















































With the notation ηaj = ln
Mj
Ma
; j being any Higgs multiplet and a = i, u being intermediate scale

















































































































3C = 1; λ
iG






Here PSV is the Pati-Salam gauge boson(3, 1,− 23 ) and WR is the right-handed W
±
R (1, 1,−1). The
coefficients of the η’s are the Dynkin indices of the representations of the respective gauge group
together with the multiplicity factors. For the case of hypercharge GUT-compatible normalization














































Here MPSV is the mass of the Pati-Salam gauge boson(3, 1,− 23 ) and MWR is the mass of right-
handed W±R (1, 1,−1). Eq. (2.14) completely determines the “Pati-Salam Scale (MPS)” in terms of
low energy experimental data, which will be the intermediate scale unless otherwise mentioned.
Using one-loop RGE, we find the intermediate scale (Pati-Salam scale) to be:
M1−loopPS = MZ e
Cps











and we have used the data given in Eq. (2.11). To reduce the error coming from the fact that this
definition does not use two-loop RGE running, we can run the SM gauge couplings at two-loop level
up to the energy ≈ 1012 GeV. In that case, we find that MPS = 4.67× 1013 GeV which is very close
to the value obtained by using two-loop RGE running up to unification scale.
Analytically it is tricky to define the Pati-Salam/intermediate scale at the two-loop level. Never-
theless, as the scales should not depend on the threshold corrections, one can evolve the couplings at
two-loop level assuming all the scalar and gauge bosons to be degenerate at the respective scales. In
that case, the unification constraint and low energy data fix the scale to be MPS = 4.62×1013 GeV.
This indicates an important fact that, if we consider two-loop RGE up to an energy scale ≈ 1012 GeV
and then analyze the rest of the evolution (up to the unification scale) at one-loop level, the error
introduced should not change the result drastically. The two-loop effects cannot accumulate a large
29
amount of corrections in the process of running by only three orders of magnitude in energy scale
from (1012 − 1015) GeV.
Defining the unification scale MU
After defining the PS Scale, we can forget about the threshold corrections at the intermediate scale
and use the new-found PS scale for any calculation needed for determining the unification scale. So,
starting from the Pati-Salam scale we can write a new set of RGE for the couplings at an energy















































λuS4C = 2ηHT + 8ηζ3 ; λ
uS
2L = 6ηζ1 ; λ
uS
2R = 6ηζ1 ;
λuV4C = 4ηuV ; λ
uG
4C = 4; λ
uV
2L = 6ηuV ; λ
uG
2L = 6; λ
uV
2R = 64ηuV ; λ
uG
2R = 6 (2.16)
where the notation uV corresponds to the leptoquark gauge boson at the unification scale (MU ).























Just like the Pati-Salam scale, we can define a unification scale (MU ) completely fixed by the
Pati-Salam scale:
M1−loopU = MPS e
Cu
23 = 2.4× 1015 GeV (2.19)
where
Cu = 1− 6π (α4C(MPS)− α2L(MPS)) .
Similarly to the Pati-Salam scale, if one runs SM gauge couplings at two-loop level to an energy
scale of 1012 GeV, the unification scale becomes MU = 1.36 × 1015 GeV. And at two-loop level we
find M2−loopU = 1.22 × 1015 GeV. Again, this small discrepancy in MU is due to the fact that the
latter one is a two-loop gauge coupling evolution up to the unification scale while the previous one
is two-loop level up to an energy level of 1012 GeV.
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Threshold corrections at the unification scale
After defining the scales and finding out the scales of all the Higgs bosons (given in Table 2.1), it
is straightforward to calculate analytically the threshold corrections for the one-loop running of the
gauge couplings [55]. Numerically it is possible to improve the process, by using two-loop RGE (Eq.
(2.1)) and one-loop threshold correction formulas given in Eqs. (2.8), (2.13), (2.16).
It is obvious that the masses of the gauge bosons will depend on the randomness adopted for
the heavy Higgs masses due to the unification constraints given by Eqs. (2.14), (2.17). Guided
by the extended survival hypothesis, we decided to allow the ratio of the mass of each Higgs
boson to the corresponding gauge boson mass to be between R = {1/10, 1/20, 1/33} and 2, with
R =
MHiggs boson
Corresponding gauge boson mass
. We study three cases where R-1 = 10, 20 and 33. The
upper limit of 2 comes from the fact that we do not want to risk the perturbitivity of the model.
For a random sample of Higgs masses lying within the pre-selected range, one finds out the one-
loop threshold corrections. Then using two-loop RGE for running of the gauge couplings and the
unification constraints one determines the masses of the gauge bosons. Using the newly obtained
gauge boson masses as updated scales, one repeats the process. After a few iterations, one ends up
with a two-loop RGE of gauge couplings with one-loop threshold corrections with intermediate scale
and unification scale at the corresponding gauge boson masses. Fig. 2.3 is a sample of such running
of gauge couplings using two loop RGE and one loop threshold corrections.
To find out the pattern of the Higgs boson masses allowed by the current experimental bound,
one needs to find out the proton lifetime in terms of the masses of the leptoquark gauge boson and
the unified gauge coupling.
2.5 Proton Lifetime
Gauge mediated proton decay: In non-supersymmetric GUTs, the primary mode of proton
decay is p → e+π0. This gauge induced d = 6 operator predicts a proton lifetime of the order
of τp ≈ M4(X,Y )/(g4m5p), where M(X,Y ) is the mass of the leptoquark (known as X,Y gauge boson),
g2 ≈ 4π
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is the coupling at unification energy and mp is the mass of the proton.
We have calculated the rates for proton decay using a more detailed version of the lifetime formula
which includes the relevant hadronic matrix elements of operators and also renormalization effect of



























Figure 2.3: Running of gauge couplings with one-loop threshold corrections using two-loop RGE.
This sample point corresponds to a case where some of the Higgs masses are taken to be two times
the corresponding gauge boson mass determined without the threshold corrections and the others
are one tenth of the scale. Special attention was given to the color triplet masses, so that they are
heavier than 1013 GeV. In this extreme scenario, the mass of the leptoquark gauge boson (the one
responsible of proton decay) is maximized. Then the scales were updated with an iteration process
so that the scales correspond to the masses of the respective gauge bosons.





















where RL = 1.36 is the two-loop long-range running effect on the effective proton decay operator





L |p(~k)〉, D = 0.8 and F = 0.47 are chiral Lagrangian parameters [60], fπ = 130.7 MeV
is the pion decay constant and gG is the gauge coupling constant at the unification scale. M(X,Y ) and
M(X′,Y ′) are the masses of the corresponding gauge bosons, (X,Y )(3, 2,+5/6) and (X
′, Y ′)(3, 2,−1/6).
ASL(R) is the short-range left-handed (right-handed) renormalization factors of the proton decay op-
erator corresponding to the running from the scale µ = MU to MZ , passing through the intermediate











































And ai’s are the one-loop beta-function coefficients given in Eqs (2.6) -(2.7) and the relevant scales
(sc) are MU ,MPS ,MZ (sc = 1, 2, 3).
As the SO(10) model under scrutiny has a realistic and predictive Yukawa sector, the fermion
masses and mixings can be determined by some fitting algorithm [18, 9]. After one gets the explicit
numerical values for the fermion masses and mixings, it is trivial to determine the branching ratios
of various proton decay channels. The issue will be discussed in details in Sec. 2.10 after we analyze
the Yukawa sector of the model.
Higgs boson mediated proton decay: The Higgs boson induced d = 6 proton decay operator
has the potential to play a vital role in the proton lifetime determination if certain scalar color triplets
T (3, 1,−1/3) become light enough. As mentioned earlier, not all the dangerous Higgs color triplets
are at the unification scale. A couple of them slide down to the intermediate scale due to the fact
that the 54 and 126 plet of SO(10) have only one non-trivial cross coupling which is fine-tuned to
keep the (15, 2, 2)PS at the intermediate scale.
In general, Higgs boson induced d = 6 operators are suppressed by the first generation Yukawa
couplings.(τp ≈ m4T/|YuYd|2m5p) [58]. As, in the SM, (YuYd) ≈ 10−10, in all cases we took a conservative
lower limit and kept all the Higgs color triplet T (3, 1,−1/3) mass, mT > 1013 GeV, so that they do
not contribute significantly to proton decay.
Proton lifetime and threshold corrections: Proton lifetime is very sensitive to the mass of
the leptoquark gauge boson which in turn depends on the randomness adopted for the heavy Higgs
masses. After we find out the masses of the gauge bosons and the unified gauge coupling using
one-loop threshold corrections and two-loop RGE running of the gauge couplings, we can use Eq.
(2.20) to determine proton lifetime.
From our numerical analysis, we find that one can maximize proton lifetime by maximizing
the masses of the following Higgs bosons: Σ21,Σ22,Σ23,Σ33,Σ34,Σ41,Σ42,Σ43, Σ44, Σ45, Σ46, H2,
ζ11, ζ12, ζ13 and by minimizing: T1, T2,Σ11,Σ12,Σ35,Σ37,Σ38,Σ39,Σ47,Σ48, ζ31, ζ32, ζ33. In such a
maximal/minimal arrangement, the proton lifetime can go as large as:
τmax = 1.45× 1035 yrs; R-1 = 10,
τmax = 9.85× 1035 yrs; R-1 = 20,
τmax = 3.91× 1036 yrs; R-1 = 33.
(2.21)
We have plotted in Fig. 2.4 proton lifetime as a function of the intermediate scale MI which has
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(a) R−1 = 10 (b) R−1 = 20
(c) R−1 = 33
Figure 2.4: Proton lifetime (τp) as a function of the intermediate scale MI for different levels of
threshold corrections. The ratio of the mass of each Higgs boson to the corresponding gauge boson
mass is kept in between R = {1/10, 1/20, 1/33} and R = 2, with R = MHiggs bosonCorresponding gauge boson mass . All
the black points are phenomenologically viable ones. Orange points either go through gauge boson
mediated proton decay with a lifetime shorter than the experimental limit (1.29× 1034 yrs), or they
correspond to scenarios where at least one of the color triplet Higgs boson acquires a mass less than
1013 GeV. From a conservative point of view, we decided to exclude points with light color triplet
masses as they tend to contribute to proton decay at a dangerous level.
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been picked up as the mass of the PS gauge boson with random distribution of Higgs boson masses.
The Higgs boson masses were randomly chosen among the corresponding scale and the extreme
(minimum and maximum) values. All the black points correspond to phenomenologically viable
points, while the orange points are excluded due to the proton lifetime experimental bound. The
maximum proton lifetime in each case is marked by a larger black point. The points above the
current lifetime limit (τp = 1.29 × 1034yrs), yet orange in the scatter plot (in Fig. 2.4) are due to
the fact that those points corresponds to cases where at least one of the Higgs color triplets becomes
lighter than the conservative lower limit of 1013 GeV on their masses.
2.6 The 54H + 126H Higgs Model for SO(10) symmetry breaking
In this section we analyze the breaking of SO(10) symmetry down to the SM. We consider SO(10)
model with Higgs sector including a real 54H (a rank two symmetric tensor, denoted by Φij), a
complex 126H (a rank five totally antisymmteric tensor, denoted by Σijklm) and a complex 10H (a
vector representation, denoted by φi). Being non-supersymmetric, the model inherits a couple of
crucial deficiencies, namely failure to address the hierarchy issue and the lack of an automatic dark
matter candidate. As the hierarchy problem is one of “naturalness”, in this model we invoke fine-
tuning to bring the Higgs doublet to the weak scale and fulfill the phenomenological constraints. The
loss of the dark matter candidate can be easily remedied by introducing an additional Pecci-Quinn
(PQ) U(1)PQ symmetry to the SO(10) framework. It should be stressed that in this upgraded
framework, along with the dark matter candidate, one simultaneously solves the strong CP problem
- the absence of CP violation in the strong interaction sector.
The assigned PQ-charges of the various fields in the model are as follows:
16F → e−iα16F ; 10H → e−2iα10H ; 126H → e2iα126H ; SH → e−4iαSH . (2.22)
As 〈126H〉 can only break a linear combination of the U(1)X and U(1)PQ, one singlet (SH) Higgs
has been introduced to break the other linear combination so that only one U(1)Y is left unbroken
above the weak scale [65]. With the newly introduced singlet field one can write the general potential
for the model SO(10)× U(1)PQ as
V = V (Φ,Σ) + V (Φ,Σ, φ) + V (S) (2.23)
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In the potential, terms like Σ4, (Σ∗)
4
are absent due to the PQ symmetry. Notice that the potential
has four complex couplings, namely η1, η3, χ4, χ6. Among them, η3 does not appear in the minimiza-
tion condition and the mass spectrum. The other three couplings (η1, χ4, χ6) can be made real by
redefinitions of the fields Σ, S, φ respectively. This results in a vev structure of the potential (〈V 〉)
which is completely devoid of any complex couplings. In short, this means that we can always find
a solution where all the vev’s of the fields are real and we will deal with such a case.
In the model, the cubic coupling, c of 543H is imperative for the desired symmetry breaking
scenario. It has been shown in Ref. [43] that if one tries to break SO(10) with a 54H in the absence
of this cubic term, it only breaks it down to either SO(5)× SO(5) or SO(9) .
As the 10H is complex, 126H · 126H · 10H · 10∗H has two linearly independent couplings (γ1, γ2).
In the potential (Eq. (2.23)), the trivial coupling is the linear sum of the two. So, one finds that, the
mass spectrum of the non-singlet Higgs only depends on the difference of the couplings (γ1 − γ2).
The term 126H ·126H ·126H ·10H with the coefficient η1 is important for the fermion mass fitting,
as this is the term which generates the induced vev’s (κu, κd) for the electroweak doublets contained
in the 126H , or more precisely in the (15, 2, 2)PS [52]. If the vev’s of the two complex doublets in








2.6.1 Details of Symmetry Breaking
SO(10) symmetry spontaneously breaks down to SU(4)C × SU(2)L × SU(2)R × D when the 54H
acquires a non-zero vacuum expectation value given by
〈54〉 = diagonal (-2/5, -2/5, -2/5, -2/5, -2/5, -2/5, 3/5, 3/5, 3/5, 3/5)ωs




ωs. The SU(4)C ×
SU(2)L×SU(2)R×D is broken down to SM model gauge group with the added U(1)PQ′ (unbroken





, or in terms of
SM Singlet in 126 as 〈S126〉 =
σ√
2




which breaks the extra U(1)PQ′ and we get SM plus an axion at low energy. One linear combination
of the two complex SU(2)L doublets of complex 10H and the two complex SU(2)L doublets of 126H
remains massless at this stage. This linear combination is the field that acquires a vev and breaks
the electroweak symmetry. We will denote the vev’s of the two complex doublets in the 10H as vu,
vd and the two complex doublets in the (15, 2, 2)PS in 126H get the induced vev’s denoted by κu,
κd.
In short, the high scale vev’s acquired by the SM singlet contained in the Higgs 54H , 126H and












In this notation the vacuum expectation value of the potential (V ) becomes:









































Here the weak scale vev’s are ignored as they are at least 10−8 times smaller than the smallest vev
(namely vs). It is very much possible to keep the electroweak scale vev’s in the equations and do
all the corresponding calculations. At the end of the calculation, one will realize that the weak
scale vev’s will only correspond to the mass splitting of the electroweak multiplets and that will
correspond to an order of 102 GeV. Besides the SM doublet, all other scalar fields will acquire
masses at the order of 1010 GeV or higher. So, for the sake of simplicity, we shall ignore corrections
of order of 102 GeV, which is well justified.
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These minimization conditions are used in determining the masses of the various Higgs multiplets
in the next subsection.
2.6.2 Tree level mass spectrum
One can go ahead and analyze the potential in its full glory (for example, using the methods described
in Ref. [66]) and determine the whole scalar mass spectrum. The gauge boson mass spectrum is
determined by constructing the covariant derivative and then analyzing the kinetic part of the
Lagrangian, as usual.
Gauge boson mass spectrum
One needs to consider the properly normalized fields and analyze the kinetic part of the Lagrangian
to obtain the mass spectrum of all the gauge bosons. In the case of the gauge bosons, besides the
usual leptoquark gauge bosons (X,Y )(3, 2, -5/6), (X ′, Y ′)(3, 2,+1/6) and the Pati-Salam gauge boson
(3, 1, -2/3) and their conjugates, the heavy (1, 1,±1) particle corresponds to the right handed W±R .
One of the (1, 1, 0) corresponds to the Z ′ of the U(1)R and other one to the weak scale Z-boson





























Here the quantum numbers listed are under SM group SU(3)C×SU(2)L×U(1)Y . One should notice
that the determinant of the mass matrix for the gauge boson (1, 1, 0) is zero and the eigenvalues of
the matrix are {5, 0}. The zero eigenvalue corresponds to the Z-boson of mass 91 GeV.
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Scalar Boson Mass Spectrum
The determination of the scalar mass spectrum is a little bit involved compared to the gauge boson
mass spectrum, mainly due to presence 126H which is represented by a rank-five totally antisym-
metric tensor. But as shown in Ref. [66], one can identify the sub-multiplets inside the full multiplet
in a systematic way and insert the vev’s for the SM singlets to obtain the scalar mass spectrum.
Going through the straightforward, yet tedious calculation, one gets the following mass spectrum:



























M2(1, 1,−1) = 0
























 85bω2s + cωs + 12βσ2 2χ4σvs









 25bω2s − cωs + 12βσ2 2χ4σvs
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M2(1, 1, 0) = 0
M2(1, 1, 0) = 0 (2.29)



















































































The mass matrices are spanned in the following bases:
(1, 3,−1)→ {(1, 3,−1)ζ1 , (1, 3,−1)Σ21}
(6, 1,−2/3)→
{














(3, 2,+1/6)Σ∗45 , (3, 2,+








(1, 2,−1/2)Σ41 , (1, 2,−1/2)Σ∗42 , (1, 2,−1/2)H1 , (1, 2,−1/2)H∗2
}
A few remarks are in order about the mass spectrum:
• From the mass spectrum of the Higgs bosons, we find that there are 34 massless states, which
correspond to the broken generators of SO(10) plus the imaginary part of the singlet (S) which
corresponds to the axion. These 33 Goldstone bosons are eaten up by the 33 massive gauge
bosons whose mass spectrum is given in Eq. (2.28).
• From the mass spectrum, it is obvious that Σ22(3, 3,−1/3), Σ38(6, 1,−1/3), Σ42(1, 2,+1/2),
Σ46(3, 2,−7/6), Σ48(8, 2,+1/2) and Σ11(3, 1,−1/3) are degenerate except for the presence of
contribution coming 54H vev (ωs) for the Higgs Σ42,Σ46,Σ48 and Σ11. The degeneracy comes
from the fact that all these Higgs bosons are inside the (45, 2)under SU(5) × U(1)X . As
Σ3(10, 1, 3) acquires a vev, minimization condition removes the ωs contribution from Σ38 and
due to the D-parity, Σ22 is also missing the ωs contribution to its mass.
• Similar arguments apply for masses of Σ23(6, 3,+1/3), Σ33(1, 1,+2), Σ35(3, 1,+1/3), Σ37(6, 1,−4/3),
Σ43(3, 2,+7/6) and Σ47(8, 2,−1/2) where Σ43 and Σ47 are the only ones having contribution
from ωs.
• The rank of the matrix M2(3, 2,+1/6) is two, where the massless eigenstate corresponds to the
Goldstone boson of the theory, which gets eaten up by the (X ′, Y ′) gauge boson. The other
massless Goldstone bosons from (3, 2,−5/6) are absorbed by the (X,Y ) gauge boson.
• In the absence of the singlet (SH), most of the mass matrices reduce to diagonal forms, in-
dicating no mixing between many fields, even though they possess the same gauge quantum
numbers. This is again due to the fact that the corresponding SM fields reside in a different
SU(5) multiplet. For example, one of the (8, 2,−1/2) lives in the (50,+2) and a second one is in
the (45,−2) under SU(5)×U(1)X . There is non-trivial mixing in the mass matrix of (3, 2,+1/6)
due to non-trivial quartic coupling β which generates term like (24, 0)(1,+10)(15,−4)(15,−6)
written under SU(5)× U(1)X .
• In the doublet mass matrix only one of the doublets from 126H gets mixed up directly (due
to the coupling η1) with one of the doublets from 10H -plet as they both are from (5,+2) of
SU(5) × U(1)X . Besides this term, the two Higgs doublets in 126H get mixed due to the
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presence of the couplings from the singlet-potential (V (S)). Same type of mixing happens
between the two Higgs doublet in 10H . So, all the doublet fields mix with each other. This
property of the doublet mass matrix is of utmost importance to generate realistic fermion
masses.
• One should remember that in SO(10) models without the PQ-symmetry, due to the presence of
the term 126·126·54 in the Lagrangian, one will end up getting all the off-diagonal mixing term
at the SM level Lagrangian. Even though one gets a well-mixed doublet mass matrix, in that
case one ends up with an extra set of Yukawa couplings and the theory loses predictivity. The
inclusion of the PQ-symmetry gets rid of the extra Yukawa couplings and at the same time,
gets rid of the usual mixing terms in the scalar mass spectra. But, at the end, the couplings
in the singlet part of the potential (V (S)), which breaks the PQ-symmtery, reintroduces those
mixing terms in the mass matrices. This makes the singlet vev important as in the doublet
mass matrix it shows up in the off-diagonal terms and in the Yukawa sector the off diagonal
elements cannot be ignored while reproducing realistic fermion masses and mixings.
• As one of the electroweak doublets and the color antitriplets of 126H live in (5,+2) of SU(5)×
U(1)X and one of the electroweak doublets and color triplets of 10H live in (5, 2), the mixing




apparent dissimilarity in the triplet matrix is due to the basis in which the triplet mass matrix
is written. By a simple rotation of the triplet mass matrix one can show that mixing term
is indeed given by 4
√
3η1σ
2 and in that basis, there is no mixing between the triplet from
(50,+2) and triplet from 10H -plet. Besides these ones, other terms in the doublet and triplet
matrices differ in a significant way and fine-tuning the doublet determinant to zero does not
set the determinant of the triplet mass matrix to zero. While not unexpected, this condition
is crucial for consistent phenomenology.
• The presence of the quartic coupling β ensures a mass contribution from the 〈126H〉 for the
fields from 54H . But such a contribution is missing from the multiplet which resides in the
24H -plet of SU(5). This can be easily explained under a situation where the 〈126H〉 > 〈54H〉
and the model goes through SU(5). Now that the SM singlet of 54H is in the 24H -plet (under
SU(5)) and the minimization condition removes the contribution from 〈126H〉, SM muliplet
(8, 1, 0) and (1, 3, 0) end up with no mass contribution from 〈126H〉. For the same reason only
(X ′, Y ′) gauge bosons have mass contribution from the 〈126H〉, but not (X,Y ) gauge bosons.
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2.7 Yukawa sector of the model
The burning question about the search of the minimal Yukawa sector can be addressed under this
minimal SO(10) model with PQ-symmetry. In SO(10) grand unified theory, each generation of
fermions belong to a 16-dimensional spinorial representation, whose masses arise from the renor-
malizable Yukawa couplings with Higgs fields (16 × 16 = 10 + 126 + 120). In the minimal model






where Y10, Y126 are complex symmetric matrices in the generation space. A complex 10H in general
brings an extra set of Yukawa couplings. But in this case U(1)PQ symmetry forbids 16F 10
∗
H16F
couplings, see Eq. (2.22). Besides providing a candidate for dark matter while solving the strong
CP problem, the PQ-symmetry also affects the Yukawa sector making it realistic and predictive
[8]. Notice that here, both 10H(φ) and 126H(Σ) are complex in nature and each of them carries
two SU(2)L Higgs doublets. It is assumed that only one linear combination of these electroweak
doublets remains massless before electroweak symmetry breaking and acquires electroweak vev. This
corresponds to the minimal fine-tuning as dictated by extended survival hypothesis. For such a case,
the quark and lepton mass matrices become:
Mu = hvu + fκu; Md = hvd + fκd;
MDν = hvu − 3fκu; Ml = hvd − 3fκd;
MMν = fσ. (2.31)
Here, Mu,d,l is the up-type quark, down-type quark and lepton mass matrix, M
D
ν is the Dirac
neutrino matrix and MMν is the Majorana mass matrix. These expressions can be rewritten in a
more compact form which is more popular for a fit to masses and mixing angles:
Mu = r(H + sF ); Md = H + F ;




where H = hvd, F = fκd are complex symmetric matrices and r = vu/vd, s = κu/(rκd), rR = κd/σ
are dimonsionless parameter.
An ample amount of literature has been devoted to find the best fit values of the parameters for
various general minimal and non-minimal SO(10) Yukawa structures [67, 68, 69, 70, 71, 72, 73, 18, 9,
43
74]. Then the minimal model described in this work can reproduce a realistic fermion mass spectrum,
if the model has enough freedom to have r ≈ 69 and s ≈ 0.36 − 0.04i with some uncertainty [18].
Here, we can see that s is almost real, exactly what is needed for this model. At this point, we do
realize that a small deviation in the parameter of a delicate χ2 - analysis used in the fit of fermion
masses and mixings has the potential to make the χ2min shift. Under such scenario, one can always
redo the χ2-analysis and minimize the χ2. Besides adjusting the input mass matrices (for example,
lepton and down-type quark mass matrices Ml,Md), the process has the potential to change the vev
ratios (r, s) as in this minimal model there is no phase associated with s. Yet as the phase of the
s parameter is already small, we do not expect a large change in the fitting of fermion masses and
mixings and we also emphasis the fact that the model has enough freedom to accommodate such a
change.
So, one needs to verify and make sure that the doublet mass matrix has enough freedom to remain
positive-definite and produce the appropriate vev ratios while not leading to light eigenvalues in the
triplet mass matrix.
From the structure of the doublet mass matrix (D), we see that the massless SM Higgs doublet
hSM becomes
hSM = αHHu + βHH
∗
d + αhhu + βhh
∗
d (2.33)
where Hu and Hd are the up-type and down-type doublet in (15, 2, 2)PS of 126H and hu and hd are
the up-type and down-type doublet living in the complex 10H . For such a case we have
D11αH +D12βH +D14βd = 0;
D12αH +D22βH = 0;
D33αh +D34βh = 0;
D14αH +D34αh +D44βh = 0;
D11D22D33D44 +D212D234 −D22D33D214 −D33D44D212 −D11D22D234 = 0. (2.34)
As r = αh/βh > 0 and D22 > 0, we must have D12 < 0. Similar argument implies D34 < 0. Again







Now, without any loss of generality, one can take the sign of βh to be positive, then αh > 0 and
αH and βH are of the same sign. For the case, αH > 0, if D14 > 0 then only valid solution lies for∣∣∣∣ D214D44 − r2D33
∣∣∣∣ < ∣∣∣∣D12s
∣∣∣∣. In contrast, if D14 < 0, there is no such constraint. Similarly, for the case
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αH < 0, the case D14 < 0 gets the added condition. These conditions reduce the parameter space of
the model significantly and need to be considered when one starts the process of random selection
of sample points for the Higgs cubic and quartic couplings.
2.8 Technical Details
Due to the richness in the mass matrices in the scalar mass spectrum, one fails to come up with
simple mass relations for the Higgs sector. All the couplings coming from the SO(10)-potential (Eq.
(2.23)) need to be in the perturbative range. So, it is obvious that instead of the scalar masses, one
should start from the couplings and vev’s of the theory and calculate the mass spectrum of scalars
and gauge bosons. Now, for a realistic model one needs to take into account the unification of the
couplings and all the phenomenological constraints imposed by proton decay, realistic fermion mass
spectrum and dark matter abundance.
To produce a sample scalar mass spectrum for the Higgs (10H , 54H , 126H , SH), first the vev’s













range of the intermediate scale and unification scale vev’s are decided from the scatter plot generated
before the scalar mass spectrum was determined (see Fig.2.4). As the singlet vev (vs) breaks the PQ-
symmetry, it corresponds to the axion decay constant fa and the range taken for vs is compatible
with all the axion search experiments and astrophysical bounds. In the numerical analysis, one
also sees that the above-mentioned range for vs is also preferred by the doublet mass matrix. The
dimensionless couplings are chosen randomly in the range of [−1, 1] with the exception of the coupling
b which was chosen from [−2, 2] due to the poor availability of realistic parameter space in the more
restrictive range. The couplings with positive mass dimensions were chosen either to be close to the
corresponding scale or lower than the scale, so that the potential does not develop any unwanted
minimum.
With the scalar masses fixed, the gauge boson masses were determined by the unification con-
straints and using the RGE the unified coupling at the unification scale was calculated. This unified
coupling and the pre-assumed vev’s also give the gauge boson masses which generally do not coincide
with the previous ones determined from the unification conditions. To solve this an iteration pro-
cess was used, until the difference between gauge boson masses calculated from these two methods
becomes negligible.
The running of the gauge couplings can be done mainly in three ways:
1. One can run the SM gauge couplings at one-loop level, all the way to the unification scale
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while updating the beta function coefficients whenever one encounters a scalar or gauge boson.
The uncertainty coming from the one-loop running can be reduced if we run the SM gauge
couplings at the two-loop level until we introduce the heavy scalar particles. The full two-loop
running for computing the threshold corrections is not done due to the unknown two-loop
connecting formula at the scale of symmetry breaking.
2. One can do a one-loop running of the SM gauge couplings until one hits a energy scale corre-
sponding to the Pati-Salam gauge boson (3, 1,−2/3). Beyond that energy scale, it is the gauge
couplings of the Pati-Salam model that is considered to be evolving until we reach a energy
scale corresponding to the leptoquark gauge boson (X,Y ). Under such type of running, unifi-
cation is achieved after we have crossed the threshold of all the scalars and gauge multiplets of
the theory. This program introduces some uncertainty due to the mass splittings of the sub-
multiplets due to the lower order vev’s. This may become important due to the vicinity of the
intermediate and unification scales. To remedy the issue, while running the gauge couplings
of higher symmetry, we only introduce the effects of a scalar particle in the beta functions, if
that particle completes the multiplet of the higher symmetry. Finally, the uncertainty coming
from the one-loop running can be reduced if we run the SM gauge couplings at the two-loop
level until we introduce the first heavy scalar particles. Again, the full two-loop running was
not done due to the unknown two-loop connecting formula of symmetry breaking.
3. One can also do a two-loop running where all the threshold correction is dumped in the
intermediate and unification scales. Then one ends up with a discontinuity of the running of
couplings corresponding to the threshold corrections. One should remember that in this case
the scale at which the couplings become unified does not necessarily correspond to the mass of
the leptoquark gauge bosons which mediate proton decay. One can chose the scale to be the
intermediate scale and unification scale determined initially without any threshold corrections.
In the following part of the paper, we picked the vev’s as the corresponding scales.
The following steps were taken to produce the benchmark points:
• To produce the initial results, a set of random numbers (within a reasonable range) was
generated in the 24-dimensional parameter space. Using the mass spectrum, all the Higgs
boson masses were calculated and the gauge boson masses were determined by Eqs. (2.14),
(2.17). One-loop running of the SM gauge couplings was performed to determine the initial
status of the unification. At this level, strict unification is not achieved and the data set
does not reproduce a realistic fermion mass spectrum. Also the gauge boson masses do not
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necessarily correspond to the one calculated from gauge boson mass spectrum. Each of those
points is selected individually and updated so that all the points satisfy the consistency checks
and phenomenological constraints.
• After the initial random choice of parameters, one needs to impose the constraints imposed by
the doublet mass matrix and realistic fermion mass spectrum. One needs to update the initial
parameter values to generate one massless Higgs doublet and keep the vev ratios fixed to at
r ≈ 69, s ≈ 0.36 [18].
• By performing a gauge coupling evolution, the gauge boson masses are updated so that we
achieve SU(2)L and SU(2)R unification at Pati-Salam scale and perfect unification at the GUT
scale. As the vev ωs corresponding to the gauge boson mass and the one corresponding to
scalar masses do not necessary coincide, an iteration process was run to rectify the situation.
• Due to the iteration process, the vev’s of the theory get updated. As the doublet mass matrix,
which is required to satisfy multiple conditions, is highly sensitive to the vev’s, one needs to
update the parameter space to ensure that availability of the massless Higgs doublet and keep
the vev ratios fixed.
• This update of parameter space requires update of the vev’s by iteration process described
earlier so that gauge boson masses remain consistent. These updates of vev’s and coupling
parameters need to be iterated until the error is within an acceptable limit.
• At every step one also has to keep checking the positive-definiteness of all the eigenvalues of
all mass matrices and pay special attention to the triplet mass matrix so that the lowest lying
color triplet does not become much lighter than 1013 GeV.
2.9 Results with Benchmark points
In this section we present our procedure to pick a couple of benchmark points. Going through
the procedure and constraints described in the previous section, we can identify sample points
satisfying all the phenomenological constraints which would then become true candidates from the
large parameter space. For that purpose, one can ease the process by including the conditions
required to ensure the stability of the vacuum and positive-definiteness of all the scalar masses along
with the issue of realistic fermion mass spectrum.
For example: being the only non-trivial coupling of 542 · 126 · 126, β needs to be fine-tuned so
that (15, 2, 2)PS stays in the intermediate scale. The conditions translates as βω
2
s ≈ σ2, making
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β . σ2/ω2s ≈ 10−4, while positive-definiteness of the mass matrix of (3, 2,+1/6) says β > 0. Again,
from the masses of (1, 3, 0) and (8, 1, 0), we can say that b > 0 for ωs > 0. Besides the condition
described in Eq. (2.34), the couplings λ2, λ4 and λ
′
4 also have to maintain the following constraints
among themselves to keep all other mass matrices positive-definite:
3λ2 + 3λ4 + 4λ
′
4 > 0;
λ2 + λ4 + 4λ
′
4 > 0;
2λ2 + 3λ4 + 2λ
′
4 > 0;
λ2 + λ4 > 0;
8(λ2 + λ4 + 2λ
′
4)σ
2 + 4βω2s > 0;
8(λ2 + λ4 − 2λ′4)σ2 + βω2s > 0.
After going through the process described before and keeping track of all the consistency checks
and phenomenological constraints, one can produce an ample amount of benchmark points. One can
adopt a one-loop RGE evolution while updating the beta functions as one arrives at the threshold
of each scalar multiplet. Or one can adopt a two-loop RGE evolution while keeping all the threshold
corrections at the corresponding scale. In the next couple of subsections we present our results for
each cases.
Benchmark point using one-loop RGE
For the first case we consider the evolution of gauge couplings using one-loop RGE and include the
effect of a scalar multiplet in the beta coefficients at the threshold energy scale corresponding to
its mass. The benchmark point we select is given in Table 2.2 and corresponding mass spectrum is
given in Table 2.3.
For such a sample point, the RGE evolution produces a unification corresponding to a (X,Y )
gauge boson mass compatible with the current proton lifetime. For this benchmark point, the (X,Y )
gauge bosons have a mass of 7.82 × 1015 GeV. Using Eq. (2.20) we find out the proton lifetime to
be 5.72× 1034 yrs, which is permitted by the current experimental limit, but reachable in the next
upgrade of proton decay detectors. Also the vev ratios are capable of reproducing fermion mass





Figure 2.5: (a) Evolution of gauge couplings using one-loop RGE with threshold corrections de-
termined by the scalar mass spectrum given in Table 2.3. The unification scale determined here
is compatible with the current experimental limit on proton lifetime. The small black circles cor-
respond to the various scalar masses changing the β function coefficients and inflicting changes in
the slope of the graphs. The vertical dashed lines correspond to gauge boson masses that stay at
intermediate scale and unification scale. (b) The region where the scalar bosons show up has been
zoomed.
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Parameter Value Parameter Value
b 1.70 a 0.31
λ2 −0.17 λ0 0.90
λ4 0.48 α −0.23
λ′4 0.17 χ1 0.10
β 1.25× 10−5 χ2 0.12
η1 −0.002 χ3 −0.01
η2 0.90 c 9.36× 1015 GeV
χ4 −0.55 ξ3 −3.15× 1014 GeV
χ5 0.32 χ6 −2.67× 1014 GeV
γ1 −0.38 vs 9.36× 1010 GeV
γ2 0.52 σ 8.65× 1014 GeV
η0 −0.15 ωs 1.38× 1016 GeV
Table 2.2: Sample parameters and vev’s to generate a benchmark point using one-loop RGE. The
initial parameter and the vev values were updated through the iteration processes described in the
text, and the listed values correspond to the final stable point.
Benchmark point using two-loop RGE
After updating the sample point at one-loop level, so that it satisfies all the consistency checks
and phenomenological constraints, one can upgrade the procedure to two-loop level, while including
all the threshold corrections at the corresponding scales. For such a scenario, the vev’s have been
chosen to play the role of scales. The sample point for the two-loop case is given in Table 2.4 and
the corresponding sample scalar mass spectrum is given in Table 2.5.
Again for such a sample point, the RGE evolution produces a unification scale corresponding to
a (X,Y ) gauge boson mass compatible with the current proton lifetime. In this benchmark point,
the (X,Y ) gauge boson has a mass of 7.11 × 1015 GeV. Using Eq. (2.20) we find out the proton
lifetime to be 2.21×1034 yrs, which is permitted by the current experimental limit, but reachable in
the next upgrade of proton decay detectors. Also the vev ratios are capable of reproducing fermion
mass sprectrum as, r = 69, s = 0.36, rR ≈ 10−14 as demanded by the fermion mass fitting shown in
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Multiplet Mass [GeV] Multiplet Mass [GeV]
(1, 3, 0) 2.54× 1016 (8, 1, 0) 1.11× 1012
(3, 3,− 1
3
) 2.17× 1014 (6, 3,+ 1
3
) 2.42× 1014




































2.86× 1014 1.13× 1012




6.99× 1013 3.90× 1013
1.28× 1013 2.69× 1010
Table 2.3: Sample scalar mass spectrum corresponding to the benchmark point generated using
one-loop RGE. The value of the parameters and vev’s used to generate the spectrum is given in
Table 2.2.
Ref. [18].
Even though it is desirable to generate Fig. 2.5 and Fig. 2.6 from the same sample point,
numerically that becomes a difficult task. Even if one starts with the same sample point, due to the
updates of parameters and vev coming from the fine-tuning of the doublet mass matrix and iteration
process to reduce the error in determining the gauge boson masses (details are described in Sec. 2.8),
one ends up with similar, yet not exactly the same sample point. But the uncertainty involved in
the process only corresponds to error comparable to higher order loop corrections, and one can claim
with enough confidence that final verdict based on such benchmark points is phenomenologically
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Parameter Value Parameter Value
b 1.70 a 0.31
λ2 −0.17 λ0 0.90
λ4 0.49 α −0.23
λ′4 0.17 χ1 0.10
β 1.25× 10−5 χ2 0.12
η1 −0.002 χ3 −0.12
η2 −0.73 c 8.50× 1015 GeV
χ4 −0.60 ξ3 1.83× 1015 GeV
χ5 0.32 χ6 −2.67× 1014 GeV
γ1 −0.38 vs 9.36× 1010 GeV
γ2 0.52 σ 8.56× 1013 GeV
η0 −0.15 ωs 1.25× 1016 GeV
Table 2.4: Sample parameters and vev’s to generate benchmark point using two-loop RGE. The
initial parameters and the vev’s were updated through the iteration processes described in the text,
and the listed values correspond to the final stable point.
viable in all aspects.
One can keep repeating the process and generate multiple points which are phenomenologically
viable in all aspects. A scatter plot with such points is shown in the Fig. 2.7. One major character-
istics of the scatter plot with threshold corrections generated using the scalar boson mass spectrum
is the distribution of the points, which indicates that the intermediate scale (σ) does not change
much even though the scalar masses are generated with random parameters. This characteristic
was missing when the scatter plot was generated with threshold corrections without considering the
mass relationship coming into play from scalar mass spectrum. In the absence of such relationships,
one can pick the scalar masses completely independently and push the intermediate or unification
scale in either direction. But because of the mass relations, due to the fewer number of parameters
in SO(10) Lagrangian, one looses such freedom. Selecting one scalar mass in such a way that it
will raise the scale fixes mass of another scalar which may tend to lower the scale. Due to the
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Multiplet Mass [GeV] Multiplet Mass [GeV]
(1, 3, 0) 2.31× 1016 (8, 1, 0) 1.11× 1012
(3, 3,− 1
3
) 2.18× 1014 (6, 3,+ 1
3
) 2.42× 1014




































2.83× 1014 1.13× 1012




7.06× 1013 3.90× 1013
1.28× 1013 2.69× 1010
Table 2.5: Sample scalar mass spectrum corresponding to the benchmark point generated using
two-loop RGE. The value of the parameters and vev’s used to generate the spectrum is given in
Table 2.4.
large number of scalar particles in the intermediate scale, the scale tends not to slide much in either
direction. But the value of the gauge couplings at the scale do vary from sample to sample. Similar
stationary properties are absent for the case of threshold corrections at the unification scale and one
is able to raise the scale high enough to make the proton live long enough to escape the current
experimental limit.
Proton lifetime however cannot be raised too much. If one respects the extended survival hy-
pothesis, the upper bound on proton lifetime in this minimal model becomes a few times 1035 yrs. So
there is a good possibility of discovering proton decay at Super-Kamiokande and the next generation
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Figure 2.6: Evolution of gauge couplings using two-loop RGE with threshold corrections. The uni-
fication scale determined here is compatible with the current experimental limit on proton lifetime.
The discontinuity in the running of the gauge couplings is due to the threshold corrections deter-
mined using the scalar mass spectrum given in Table 2.5. The vertical dashed lines correspond to
the intermediate scale and unification scale.
experiments.
If one analyzes the scalar mass spectrum carefully, one realizes the fact that all the scalar masses
have to remain in the vicinity of intermediate scale and unification scale. One can only introduce
extra fine-tuning in the color octet (8, 1, 0) mass and lower it down without spoiling the whole
scenario. This is because its mass is not closely tied to the masses of other scalars and this color
octet field does not mediate proton decay. By doing so, one also raises the predicted proton lifetime
up to 1037 yrs which is beyond the reach of next generation proton decay detectors. This is not a
likely scenario, since it could mean deviating significantly from the extended survival or equivalently
minimal fine-tuning condition.
2.10 Proton decay branching ratios
As the color triplets Higgs in the model are always kept heavier than 1013 GeV, the primary source
of proton decay is due to d = 6 gauge boson mediating effective operators which are given by
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Figure 2.7: Scatter plot for the proton lifetime (τp) vs. 〈126H〉 = σ generated using one-loop RGE.
All the points correspond to proper gauge couplings unification and are compatible with realistic
fermion masses and mixings. Only the black points comply with the current experimental limit of
proton lifetime.
[75, 63, 76, 57, 58]
OB−LI = k
2
1 εijk εαβ u
C
iaL γ
µ QjαaL eCb L γµ QkβbL;
OB−LII = k
2
1 εijk εαβ u
C
iaL γ
µ QjαaL dCkbL γµ LβbL;
OB−LIII = k
2
2 εijk εαβ d
C
iaL γ
µ QjβaL uCkbL γµ LαbL;
OB−LIV = k
2
2 εijk εαβ d
C
iaL γ
µ QjβaL νCb L γµ QkαbL. (2.36)
Here, k1 = gu/(
√
2M(X,Y )) and k2 = gu/(
√
2M(X′,Y ′)), QL = (uL, dL) and LL = (νL, eL). The indices
i, j, k are color indices, a, b are family indices and α, β are SU(2)L indices. The effective operators
in physical basis becomes,
O(eCα , dβ) = c(eCα , dβ) εijk uCi L γ
µujL eCαL γµ dkβL;
O(eα, dCβ ) = c(eα, dCβ ) εijk uCi L γ
µujL dCkβL γµ eαL;
O(νl, dα, dCβ ) = c(νl, dα, dCβ ) εijk uCi L γ
µ djαL dCkβL γµ νlL;
O(νCl , dα, dCβ ) = c(νCl , dα, dCβ ) εijk dCiβL γ
µ ujL νCl L γµ dkαL; (2.37)
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Figure 2.8: Scatter plot for proton lifetime (τp) as a function of the color octet mass (Mφ10) generated
using one-loop RGE. All the points correspond to proper gauge couplings unification and compatible
with realistic fermion masses and mixings. Only the black points comply with the current experi-
mental limit on proton lifetime. Fine-tuning the octet mass to a lower energy scale does not create
any internal inconsistency or phenomenological issue. But the extra fine-tuning does mean that one
is deviating significantly from the extended survival hypothesis or equivalently minimal fine-tuning
condition. That is why we consider highly fine-tuned octet mass which corresponds to a high a
proton lifetime as not a likely scenario.
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;α = β 6= 2. (2.38)
The mixing matrices are defined as : V1 = U
†
CU , V2 = E
†
CD, V3 = D
†
CE, V4 = D
†
CD, VUD = U
†D,
VEN = E
†N and UEN = E
†















For the SO(10) model with symmetric Yukawa couplings, the mixing matrices becomes UC = UKu,
DC = DKd and EC = EKe, where Ku,Kd and Ke are diagonal matrices containing three phases.
The proton decay rate into different channels due to the presence of the gauge mediated d = 6
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2
{∣∣c (eβ , dC)∣∣2 + ∣∣c (eCβ , d)∣∣2} ; (2.40)
where, νi = νe, νµ, ντ and eβ = e, µ. Here mB is the average baryon mass satisfying mB ≈ mΣ ≈ Λ.
As the current (and most probably next generation) proton decay detectors are insensitive to the
flavor of the neutrinos, proton decay rates are calculated by summing over all the flavors. For similar
reason the chirality of the charged lepton is also summed over. Here, AS ≈ 2 is the average of the
left-handed and right-handed short range renormalization factor.
Now if we consider the fermion masses and mixings given in the ref [18], using the vev ratio
parameter values r = 69 and s = 0.36, the proton decay branching ratio due to gauge mediated
d = 6 operator are given in the Table 2.6.
These branching ratios mainly depend on the ratio of the leptoquark gauge bosons k1/k2 =
M(X′,Y ′)/M(X,Y ). From the gauge boson mass spectrum and the scatter plot (Fig. 2.9), it is clear that
in this SO(10) model, the branching ratios will not vary much within the phenomenologically viable
parameter space. We see that the dominant modes are p→ e+π0 and p→ νπ+, with roughly equal
rates.
The proton decay branching ratios given in Table 2.6 is quite similar to the one given in Ref. [77]
for the case of minimal SO(10) with split supersymmetry. This is mainly due to the fact that the
Yukawa sector is essentially the same (up to renormalization effects) and since M(X,Y ) w M(X′,Y ′)
was assumed in Ref. [77].
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Process Branching ratio
p→ π0e+ ≈ 47%
p→ π0µ+ ≈ 1.00%
p→ η0e+ ≈ 0.20%
p→ η0µ+ ≈ 0.004%
p→ K0e+ ≈ 0.16%
p→ K0µ+ ≈ 3.62%
p→ π+ν ≈ 48%
p→ K+ν ≈ 0.22%
Table 2.6: The branching ratio of proton decay by gauge mediated d = 6 operator.
Figure 2.9: Proton Lifetime(τp) vs ratio of the (k1/k2 − 1)× 105. The plot indicates that the ratio of
k1/k2 = M(X′,Y ′)/M(X,Y ) varies less than 0.02% (0.005%) over the whole (phenomenologically viable)
parameter space.
2.11 Axions as Dark Matter
Introducing a Peccei-Quinn(PQ)-symmetry [38] in non-supersymmetric SO(10) GUTs provides the
perfect framework for the axionic dark matter which simultaneously solves the strong CP problem.
58
The PQ-symmetry affected the Higgs potential (by removing terms like 1264) and also made the
Yukawa sector realistic and predictive. Yet, the main contribution of the PQ-symmetry is to provide
axion as dark matter candidate which can explain the entire dark matter abundance in the universe
while also solving the strong CP problem.
The axion in the model is of DFSZ type [78, 79]. While the original DFSZ axion was mainly
composed of a complex singlet field with an admixture of one up-type Higgs doublet and one down-
type Higgs doublet, the axion in this model is mainly composed of the complex singlet field (SH)
with the admixture of two up-type Higgs doublets (Hu from 126H and hu from 10H) and two down
type Higgs doublets (Hd from 126H and hd from 10H).
In the model, the PQ-symmetry is broken by the vev of the singlet SH , and the scale is quiet
independent of the intermediate (Pati-Salam) scale and unification scale. Even though the choice of
vs is mainly guided by the axion phenomenology, in the numerical analysis of the sample points we
found out that the PQ-breaking scale stays around
(
5× 1010 − 1× 1012
)
GeV without any extra







where z = mu/md and fa is the axion decay constant. For the numerical analysis we took mπ =
135 MeV and fπ ≈ 130.7 MeV and kept the range of z = 0.35− 0.60 [80]. Then for fa = vs, we get
ma (8−175) µeV, which is compatible with both the laboratory experimental limit and astrophysical
bounds.
PQ-symmetry breaking before or during inflation











where h is the present-day Hubble expansion parameter and−π ≥ Θi ≥ π is the initial “misalignment
angle”. If the PQ-symmetry is broken before or during inflation, inflation expands a domain with
some value of Θi to a size larger than the present universe. In that case, Θi can take any value and
naturally should not be fine-tuned. Using the experimental limit Ωah
2 = 0.1199 ± 0.0027 [82], we
can scan the parameter space in the α, fa basis.
As the model allows the axion decay constant as low as 5× 1010 GeV and as high as 1012 GeV,
the misalignment angle can take any value beyond 1.26, ie 1.26 <
∣∣Θi∣∣ < π. We also see that, for
fa smaller than 2.33 × 1011 GeV, axionic dark matter fails to explain the entirety of dark matter
abundance.
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Figure 2.10: The region in the parameter space where cold ADM saturates the dark matter abun-
dance.
From the recent Planck data, we find that if we assume that the PQ symmetry is broken during
inflation and it is not restored by the quantum fluctuation of the inflation nor by thermal fluctuation
in the case of a very efficient reheating stage and all of cold dark matter (CDM) consists of axions
produced by the misalignment angle mechanism, the upper bound on the energy scale of inflation
(Hinf ) becomes[83]:






This is due to the fact that the axion which already exists during inflation obtains large quantum
fluctuations and produces isocurvature density perturbations which are stringently constrained by
CMB observation. So, for low axion decay constant, we end up having an upper bound on the energy
scale of inflation as low as 107 GeV.
PQ-symmetry breaking after inflation
Cosmological consequences of axions are different if the PQ-symmetry is broken after inflation.
Unlike the previous case, universe does not settle into the same minimum when the axion acquires
its mass at the QCD scale and ends up forming topological defects [84]. Now, the misalignment

















where αdec = 0.164 corresponds to the factor introduced due to the decay of topological defects like
axionic strings [85]. Under such consideration, one finds that the Planck data corresponds to a axion
mass ma ≈ 80 µeV and axion decay constant fa ≈ 8× 1010 GeV [85], which are perfectly admissible
in the GUT under scrutiny.
2.12 Conclusion
The Standard Model emerged in the early seventies and since then it has been weathered by all sorts
of experiments at various laboratories and colliders. Until now, it has given the best description
of nature. Recent discoveries about dark matter, neutrino masses and mixings and old questions
like charge quantization and baryogenesis demand physics beyond the SM, yet LHC data up to
now has failed to provide any glimpse of such new physics. In the realm of unification models, the
supersymmetric SO(10) GUTs have been studied in depth in the past decades [86]. The crucial
point about SO(10) GUTs is that if we change our current attitude about fine-tuning, yet keep it
at the minimal level by adopting philosophy like extended survival hypothesis, we realize that even
without supersymmetry, SO(10) symmetry has the potential to be the gauge symmetry of nature on
its own right, at least up to the GUT scale (∼ 1016 GeV). The absence of low energy supersymmetry
might be the reality of our universe, taking away primary motivation to introduce supersymmetry.
Thus it becomes mandatory to revisit the non-supersymmetric version of SO(10) GUTs with a more
open attitude.
The purpose of the paper was to search for the minimal non-supersymmetric SO(10) grand
unified model which can withstand the pressure of all the phenomenological constraints. Our aim
was to address all possible issues (except gravity) either explicitly or by showing that the model
has enough flexibility to accommodate the phenomena. We acknowledge that the minimality is not
a universal and uniquely defined concept. In this work, the philosophy of minimality was applied
in the choice Higgs representation and that resulted in a breaking pattern with minimal number of
intermediate scale (namely one) making the model truly minimal and predictive.
Such a minimal model ended up relying on threshold corrections to escape from the wrath of
experimental bounds on proton lifetime. The issue of threshold corrections deserves particular
attention here. On one hand, one should not discard a model without taking into account the
threshold corrections, on the other hand, one should not expect that threshold corrections can
61
rescue any model before performing detailed calculation.
The non-SUSY SO(10) GUT presented here managed to unify the gauge couplings at a scale high
enough to comply with the current experimental bound of proton lifetime. The Yukawa sector of
the model provided a realistic description of fermion masses and mixings. The PQ-phase transition
introduced axion as the dark matter candidate that can explain the dark matter abundance in the
universe, while also solving the strong CP problem. Leptogenesis finds a natural place in SO(10)
with seesaw mechanism and the Yukawa sector of the model has the potential to procure the right
amount. Physics of inflation may reside outside the scope of the model or within the model where
one (or more) SM singlets already present may provide the necessary ingredients.
One should emphasis the claim that the SM spectrum is completed by the recently discovered
light Higgs and LHC should fail to find any other new physics, as the next scale of physics lies at
the energy scale of 1010 GeV. Before getting demoralized one also needs to realize that the model
generally predicts a proton lifetime less than a few times 1035 yrs. So Super-Kamiokande or next
generation proton decay detectors and axion search experiments has the potential to discover the
essential phenomenological proof of the model.
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RADIATIVE ELECTROWEAK SYMMETRY BREAKING OF STANDARD
MODEL EXTENSIONS
3.1 Introduction
Discovery of the Higgs boson at both the ATLAS and the CMS detectors became the moment of
triumph for the Standard Model (SM) of particle physics [1]. Such a historic discovery together with
decades of eletroweak precision data have well established the validity of SM. However, there is no
verified explanation of the origin and the smallness of neutrino masses, no viable candidate for the
elusive dark matter. Due to these unwavering issues, various extensions of SM have been proposed.
The secret of neutrino masses may lie in some form of seesaw mechanism, where a SM singlet like
right-handed neutrinos (Type-I) with large majorana masses cause the light neutrino masses [2, 3]
or a SM weak scalar triplet (Type-II) with a tiny induced vev generate the small neutrino masses
[3, 4, 5] or it might be a SM fermionic triplet (Type-III) [6] which manages to construct the non-
renormalizable neutrino mass operator suppressed by its high mass scale. Then again, if neutrino
masses are generated by one or loop processes, the masses will naturally be suppressed by the loop
factors and such an extension of SM is both theoretically well motivated and phenomenologically
viable [7].
Search for stable dark matter candidate have also been motivation for various extensions of SM.
Some form of symmetry usually stabilizes the dark matter. Simple discrete symmetries like R-parity
in supersymmetric models [3]can perform an excellent job of preventing the particle from decaying.
Kaluza-Klein parity [4] in universal extra dimension models and T-parity in Littlest Higgs models [5]
can also stabilize the lightest particle; turning them into promising dark matter candidate. Similar
role is played by a Z2 symmetry for the case of Inert doublet models [6] or Scotogenic models [7].
Instead of being an adhoc symmetry, this Z2 symmetry can be the remnant of B − L generator of
SO(10) grand unified theories (GUTs) [8].
SO(10) GUTs provide one of the most lucrative frameworks, where one can incorporate many of
the aforementioned extensions of SM along with the beautiful unified picture of SM gauge couplings.
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Among the classes of SO(10) GUTs supersymmetric versions have multiple features like successful
unification of gauge couplings, natural dark matter candidate while it solves the gauge hierarchy
problem based on the symmetry principle. In addition, supersymmetric models offer a mechanism
for triggering electroweak symmetry breaking via radiative effects [14]. In this scenario, the positive
mass parameter becomes negative in low energy due to the radiative loop corrections which dictate
how the parameters evolve with scale. Such a radiative loop correction can also trigger the elec-
troweak symmetry breaking in non-supersymmetric extensions of SM.
In many extensions of SM Higgs boson is a part of the larger multiplet, which breaks some
higher symmetry. In such models consistency of the high scale symmetry breaking requires that the
mass-squared parameter of all the physical scalar bosons remain positive at the higher symmetry
breaking scale. Then one needs to introduce new multiplet to break the electroweak symmetry which
introduces new particles and model might loose it minimality and predictivity. For such class of
models one might employ radiative loop corrections to turn Higgs mass parameter negative at low
energy from positive value it obtained at high energy and thus cause eletroweak symmetry breaking
with the same multiplet. For example: a class of SO(10) models with the symmetry breaking sectors
containing 126H along with either a 45H or a 210H has been analyzed in Ref [15] where flavor mixing
is induced by vector-like fermions in the 16 + 16 representation. In such models, the doublets resid-
ing inside the 126H can easily trigger the electroweak symmetry breaking when the positive mass
parameter required by the higher symmetry breaking turns negative at low energy due to radiative
loop corrections. Similar arguments can be applied for the case where a single 144-representation
breaks SO(10) into SM [16] or trinification model with symmetry SU(3)C × SU(3)L × SU(3)R gets
broken by the fields in (1, 3, 3)-representation.
In this work, we considers some popular extensions of SM and from the full set of renormaliza-
tion group equations (RGEs) we evolved the mass parameters relevant to the eletroweak symmetry
breaking. We showed that for every case, the model possesses solutions which allow the electroweak
symmetry breaking triggered by radiative corrections while the potential remains bounded all the
way and the theory remains perturbative.
3.2 Type-II seesaw neutrino mass model
Seesaw mechanism is one of the most popular generic models adopted to explain the origin and
the smallness of neutrino masses. While Type-I seesaw needs right-handed (RH) neutrinos which
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are neutral under the Standard Model (SM) gauge group with large Majorana masses, the minimal
Type-II seesaw mechanism requires the existence of a weak scalar triplet. The most natural source
for such triplets is provided by the Left-Right symmetric theories which can be realized either at





Figure 3.1: Diagrammatic representation of Type-II seesaw
3.2.1 The model
In this section, we consider the possibility that the weak scalar triplet is the only low-energy remnant
of the new physics beyond the SM and the neutral component (∆0) acquires a very small vacuum
expectation value (〈∆〉) at low energy. The ordinary SM electroweak doublet φ(1, 2, 1/2) and the
















where σi’s are the Pauli matrices. The most general renormalisable tree-level scalar potential is
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With the vacuum expectation value (vev) of the electroweak doublet 〈φ〉 = v, an effective dimension 5












One also needs to realize the fact that integrating out the heavy scalar triplet in the tree level
approximation will also have an effect on the SM Higgs quartic coupling. The effective quartic
coupling below the scale µr = µ∆ is given by




This is the connecting formula for the Standard model quartic coupling λ1 at the scale µr = µ∆.
3.2.2 The stability conditions and the evolution of mass parameters
The stability conditions for the potential to be bounded from below are given by,




≥ 0 and λ4 − λ5 + 2
√












3 − 4λ1λ3(λ2 + λ3) + 2λ3λ24 − 4λ2λ25 − 2λ3λ25 ≥ 0.
(3.6)
All the couplings of the Lagrangian have to maintain these stability conditions upto the energy scale
of new physics like GUTs.
Using vertex corrections and the wave function renomalization factors, we can calculate the
complete set of β-functions and Renomalization Group Equations (RGEs) [18, 17]. We have also
determined the RGEs for the mass parameters of the model which were related to the anomalous




































































A complete set of RGEs for all the couplings of the Lagrangian is given as in Sec. 3.2.3. With
this set of RGEs we proceed towards solution. We can already see that the contribution from the
cubic coupling µ and quartic couplings like λ4 has the potential to drive the positive mass parameter
at high energy scale towards a negative value at lower energy scale to trigger the mechanism known
as Radiative Eletroweak symmetry breaking (REWSB). For a TeV scale scalar triplet mass one
realizes that to get the correct order of neutrino mass the cubic parameter µ needs to be very small
(∼ 10−5 GeV), which makes the contribution of µ term in the RGEs of mass parameters irrelevant.
3.2.3 Complete set of RGEs for Type-II neutrino mass model





























































































































































































































































The RGEs for the mass parameters are given by Eq.( 3.8).
Beyond the energy scale corresponding to the mass of the triplet (µ∆) the SM gauge coupling
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evolution also needs to be recalculated due to the triplet’s contribution. While the weak triplet does
not effect the evolution of the SU(3)C gauge coupling evolution, it does change the RGEs of the







where gi = {g3, g2, g1} are the three gauge couplings with the one loop β-function coefficient bi =
{−7,−5/2, 47/10}.
3.2.4 Solution to the RGEs
To analyze the evolution of the mass parameters, one needs to solve the set of RGEs which in
turn requires one to define the relevant couplings at some energy scale. In this case, all the SM
gauge couplings, Yukawa couplings and Higgs quartic couplings were evaluated at two-loop level
upto the energy scale corresponding to the scalar triplet mass. After that the gauge couplings were
evolved continuously but with the updated RGEs given in the set of RGEs in Eq.(3.12). The quartic
coupling of the SM electroweak doublet Higgs has a discontinuity at the triplet energy scale due to
the matching condition of the parameter given in Eq. (3.5). Above the energy scale µ∆, the full set
of RGEs was used to evolve all the parameters of the model.
To generate a sample case, we specified the values of all the quartic couplings and mass parameters
of the model at the low energy scale, µr = µ∆, consistent with the stability conditions. Also the
masses of neutrinos put a natural limit on the cubic coupling of the model because of Eq. (3.4) and
this in turn makes the discontinuity in the Higgs quartic coupling λ1 ignorable. To illustrate the
phenomenon of radiative electroweak symmetry breaking in the Type-II seesaw model a sample point
is given by Table 3.1. The sample point satisfies all the stability conditions and the mass parameter
µ2φ runs with a positive slope with the energy scale. Fig. 3.2 shows that the mass parameter becomes
negative at low energy even though it is positive at high energy scale.
3.3 Two-loop neutrino mass model
Even before the experimental discovery of neutrino oscillation which is a clear indication of non-zero
neutrino masses and mixings, the subject of neutrino mass generation has been an active arena of
research. The wide range of possibilities can be classified into three major categories. In the first
case, neutrinos may be simple Dirac fermions. For such a case the smallness of the mass remains a
mystery and one needs to venture into the realm of extra dimension(s) to seek for answers. Neutrinos
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λ1(µ∆) 0.1887 Mh(mZ) 125.1 GeV
λ2(µ∆) 0.15 v(mZ) 174.10 GeV











Table 3.1: Quartic coupling and mass parameter values for the sample point used for the Type-II
seesaw model in Fig. 3.2.
(a) Evolution of mass parameters (b) Evolution of quartic couplings
Figure 3.2: One loop running of the parameters of Type-II seesaw model upto Plank scale. The
black dashed line in Fig. 3.2a corresponds to the scale, µr = µ∆.
may be Majorana particles and smallness of the masses is due to seesaw mechanism occurring at a
very high energy with the help of a SM singlet like right-handed neutrino (Type-I) or a SM weak
scalar triplet (Type-II) (discussed in Sec. 3.2) or a SM fermionic triplet (Type-III). A third alterna-
tive is that the neutrino masses are generated by loop correction, hence the masses are suppressed
by the loop factors. In this scenario, the new physics responsible for the neutrino mass generation
has the possibility of showing up at the Large Hadron Collider in the near future.
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3.3.1 The Model
In this section we will consider the two-loop neutrino mass model which introduces a doubly charged
(k++) and a singly charged (h+) scalars along with the SM particles [19]. In this model in attempt to
generate non-zero neutrino mass, the lepton number conservation law is abandoned and as a result
tiny Majorana mass arises through loop diagram at two-loop level. One of the salient features of
the model requires one of the three neutrino masses to be zero. The model also admits both normal
and inverted hierarchy of neutrino masses.
The new scalars under the SM gauge group SU(3)C × SU(2)L × U(1)Y are denoted by
h+(1, 1, 1); k++(1, 1, 2). (3.13)
The gauge invariant Yukawa couplings that are allowed involving the new scalars are:
LY ⊃ fab `ia`
j
bεijh





−− + h.c. (3.14)
Here a, b are generation indices, i, j are SU(2)L indices with εij being antisymmetric tensor. The
Yukawa coupling matrix f is antisymmetric whereas the Yukawa matrix h is symmetric.
The scalar potential for the model is given by
V (φ, h+, k++) = µ2φ φ
†φ+ µ2h h
+h− + µ2k k
++k−− −
(
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Using the lepton number violating Yukawa coupling h, small neutrino mass matrix is generated by










Figure 3.3: Feynman Diagram responsible for neutrino mass generation at two-loop level.
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3.3.2 The stability conditions and the evolution of mass parameters
The boundedness conditions are given by [19],
(i) λ1 ≥ 0; λ2 ≥ 0; λ3 ≥ 0;
(ii) λ4 ≥ −
√
λ1λ2; λ5 ≥ −
√




















It has been shown that the model maintains perturbativity and boundedness for both normal and
inverted case, if |hµµ| < 0.45 and |fµτ | < 0.34. For the antisymmetric Yukawa coupling matrix f ,
the neutrino mixing angles provide two constraints reducing the number of free parameters to one.
For the case of normal neutrino mass hierarchy the relation is given by:
ε = tan θ12
cos θ23
cos θ13
+ tan θ13 sin θ23 e
−iδ;
ε′ = tan θ12
sin θ23
cos θ13
− tan θ13 cos θ23 e−iδ.
(3.18)
And for the inverted mass hierarchy we have:
ε = − sin θ23 cot θ13 e−iδ; ε′ = cos θ23 cot θ13 e−iδ. (3.19)
where in both case the definition of ε and ε′ is given as:
ε ≡ feτ
fµτ
; ε′ ≡ feµ
fµτ
. (3.20)
Similar to the previous case, we require the full set of RGEs for this model which includes the
evolution of the gauge couplings, Yukawa couplings, quartic couplings and the mass parameters of
the Lagrangian. While the complete set of the RGEs is listed in Sec. 3.3.3, the RGEs for the mass































































3.3.3 Complete set of RGEs for Two-loop neutrino mass model
For the Two-loop neutrino mass model, among the gauge couplings only the hypercharge gauge








where gi = {g3, g2, g1} are the three gauge couplings with the one loop β-function coefficient bi =
{−7,−19/6, 51/10}












































































































































































The RGEs for the mass parameters are given by Eq. (3.21).
3.3.4 Solution to the RGEs
To find the solution to the full set of RGEs, one requires to completely specify the values of all
the parameters of the Lagrangian at some energy scale. Similar to the previous case, we specify
the sample values at low energy scale while satisfying the necessary and sufficient conditions for the
boundedness of the scalar potential.
For the sample case, we selected the normal mass hierarchy for no specific reason. Similar result
can be found if the hierarchy is inverted. We used the set of two-loop RGEs for the SM case and ran
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Quartic, Yukawa couplings values Mass paramters values
λ1(MZ) 0.258 mt(mt) 162.25 GeV
λ1(µ0) 0.1924 Mh(mZ) 125.1 GeV
λ2(µ0) 0.20 v(mZ) 174.10 GeV











λ6(µ0) −0.25 µ(µ0) 500GeV
|fµτ |(µ0) 0.013 µ2φ(mZ) −88.722 (GeV)
2
|hµµ|(µ0) 0.4 µ2φ(µ0) −75.092 (GeV)
2
Table 3.2: Quartic and Yukawa coupling and mass parameter values for the sample point used for
the Two-loop neutrino mass model in Fig. 3.4
upto the lightest newly introduced scalar particle (in the sample point µ0 = µk) and from that point
used the previously mentioned full set of RGEs to evolve the couplings and the mass parameters
upto the Planck scale.
In the sample point the other values of the Yukawa couplings f can be calculated using Eq. (3.18)
and the definitions in Eq. (3.20). For the case of the Yukawa couplings h, we only kept the value of
|hµµ| non-zero. It is obvious from Fig. 3.4 that the radiative correction manages to push the Higgs
mass parameter in such a way that it acquires a negative value at low energy.
3.4 Inert doublet model
Inert doublet model is one of the most simple extensions of the SM, which can be treated as a
special case of more general two Higgs doublet model. In the Inert doublet model, the potential
has a Z2 symmetry that is unbroken by the vacuum state. Even though it was introduced in the
70s, it received a new influx of attention when the model was shown to be able to alleviate the
LEP paradox, be able to address the issue of the smallness of the neutrino masses either via Type-I
seesaw mechanism or via one loop radiative mechanism (also known as Scotogenic neutrino model),
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(a) Evolution of mass parameters (b) Evolution of quartic couplings
Figure 3.4: One loop running of the parameters of Two-loop neutrino mass model upto Planck scale.
The black dashed line corresponds to the scale, µr = µ0. Here µ0 is the energy scale corresponding
to the lightest of the newly introduced particles. In this sample point µo = µk.
leptogenesis by including TeV scale right-handed neutrino. It has also been shown that electroweak
symmetry breaking can be induced by loop effects.
3.4.1 The model
The model requires three right-handed neutrinos (Ni) along with inert scalar doublet (η) and the
SM particles. All the newly introduced particles (also the RH neutrinos for the case of Scotogenic
model) are charged under the additional Z2 parity symmetry while all the SM particles are neutral
under this parity. The scalar doublet has the potential to be the DM of the model and for the case of
Scotogenic model the RH neutrino may or may not be DM candidate depending on their masses. It
is crucial to realize the importance of the survival of the Z2 symmetry as this symmetry protects the
DM candidate from annihilation and in the scotogenic version the symmetry forbids the neutrino to
acquire mass at the tree level.
The scalar potential of a general Inert doublet model can be written as:

















In the potential the mass parameters µ2i (i = 1, 2) and the couplings λi, (i = 1− 4) must be real. λ5
can also be taken to real without any loss of generality as the phase of the coupling can be absorbed
by the redefinition of the η field.
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3.4.2 The stability conditions and the evolution of mass parameters
One needs to be careful while identifying the solution to the set of RGEs. The parameters in the
scalar potential have to satisfy the boundedness conditions at all energy scales which ensures that
the potential is bounded from below all the way. The conditions are given as:
λ1 ≥ 0; λ2 ≥ 0; λ3 ≥ −
√
λ1λ2; λ3 + λ4 − |λ5| ≥ −
√
λ1λ2. (3.26)














2(λ3 + λ4 − λ5).
(3.27)
where mh is the mass of the SM Higgs boson, m± is the mass of the charged component of η doublet,
mR and mI are the masses of the real and imaginary scalar component of the neutral component of
the η doublet. About the issue of DM, we chose real part of neutral scalar η as the DM candidate.
For this scenario, the charged component of the electroweak doublet η needs to be heavier than the
neutral component. Also by keeping λ5 negative and small, we get a slightly heavier pseudoscalar.






which leads to masses Mi’s (where i = 1, 2, 3) upon diagonalisation. In the regular Type-I seesaw
version, the right-handed neutrino majorana masses needs to be around 109 GeV or higher to attain
the right order of neutrino masses. But for the scotogenic version, the right-handed neutrino can
be at the TeV scale as the suppression factor of the neutrino masses comes from the fact that the
right-handed neutrinos are odd under the Z2 symmetry and the neutrino mass has to be generated
at the loop level. A neutrino Yukawa coupling involving the newly introduced scalar η and the
right-handed neutrinos in addition to the SM lepton doublets needs to be added. The term given
by:
LY ⊃ −hijN iRη̃
†`jL + h.c.; where η̃ = i σ2η
∗ (3.28)
along with the right-handed neutrino majorana mass term generates the loop suppressed neutrino
mass matrix (see Fig. 3.5).








Figure 3.5: Diagrammatic representation of neutrino mass generation in the scotogenic model
















































The complete set of RGEs is given in Sec. 3.4.3. The last term of the RGE for the mass parameter
for scalar η namely µ22 shows its dependency on the RH neutrino mass term. For a larger value, this
becomes the dominating term and pulls down the mass parameter, ultimately making it negative at
higher energy. This in turns breaks the precious Z2 symmetry spoiling the model completely.
3.4.3 Complete set of RGEs for Inert doublet model
The one loop RGEs for the Inert doublet model have already been computed. The SM gauge coupling







where bi = (−7,−3,
21
5
) are the β-coefficients of the SM gauge couplings updated with the added
particles.
The quark sector of the model remains unchanged, while the leptonic sector needs to be revisited.










































































































































































































The RGEs for the mass parameters are given by Eq. (3.29). One notices from the set of RGEs
that the evolution of Majorana Mass (M), the new Yukawa coupling (h) and the scalar quartic
coupling λ5 are proportional to the quantities themselves. The upshot of this setting is that these
parameters remain small if they are small at any energy scale. This feature of the model becomes
self-explanatory upon realization that if any of these parameters becomes zero, the neutrino becomes
massless and global U(1) symmetry conserving the lepton number is restored.
3.4.4 Solution to the RGEs
A sample point (given in the Table 3.3) generates the running of the mass parameters and the scalar
quartic couplings shown in Fig. 3.6. The sample point maintains all the boundedness conditions
at all energy scale.The decoupling of the three RH nautrino was only considered for the running of
the mass parameter µ22. As for all the other cases as the dependence on the RH neutrino mass is
indirect, the decoupling effect is negligible.
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In Fig. 3.6(a), below the energy level corresponding to the point where µ21 = 0 the electroweak
symmetry is broken and the masses of the components of the scalar doublet η are splitted and the
running of the masses of the charged and neutral component of the scalar η is shown. All the quartic
couplings remain in the pertubative range and the all the new Yukawa couplings are chosen to be
small hij . O(.1).




λ1(mZ) 0.258 M1 900 GeV
λ1(µ2) 0.173 M2 1500 GeV
λ2(µ2) 0.35 M3 2000 GeV
λ3(µ2) 0.38 v(mZ) 174.10 GeV
λ4(µ2) −0.29 v(µ2) 170.36 GeV




Table 3.3: Quartic coupling and mass parameter values for the sample point used for the Inert
doublet model in Fig. 3.6
3.5 Extension of SM by a real scalar singlet
Perhaps the simplest extension of SM requires the existence of only a new heavy real scalar singlet
of SM gauge group. The singlet under suitable conditions can serve as a candidate for dark matter.
3.5.1 The model
In this simplest extension of SM, the added singlet can be protected from decaying into SM particles
by virtue of a symmetry - for example Z2 parity. This scenario can be well motivated from some
higher symmetry at GUT scale where all the other additional particles lies above some intermediate
scale. For example, such a stable dark matter can be easily incorporated in SO(10) models. As a
group of rank five, SO(10) group includes an additional U(1) symmetry which if broken by a 126
representation, a discrete Z2 symmetry is preserved at low energy. For such a case a scalar dark
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(a) Evolution of mass parameters (b) Evolution of quartic couplings
Figure 3.6: One loop running of the parameters of Inert doublet model upto Planck scale. The black
dashed line corresponds to the scale, µr = µ2.
matter candidate can be easily stabilized if it comes from some Z2 odd representations (like 16-plet).
In such cases, the low scale scalar potential becomes [21]:














Below the energy scale corresponding to the mass of the singlet, the effective quartic coupling is
given by




And the mass of the observed Higgs particle is m2h = 2λ
eff
1 v
2 and the matching condition Eq.(3.34)
is needed while one evolves the RGE for the Higgs quartic coupling.
3.5.2 The stability conditions and the evolution of the mass parameters
The parameters of the scalar potential must obey the boundeded constraints so that the potential
remains bounded from below. The condition for this simple potential is given as,
λ1 ≥ 0; λ2 ≥ 0; λ3 ≥ −
√
λ1λ2. (3.35)
For this simple extension of SM, most of the RGEs of the SM remain the same. But one should
update the RGEs for the Higgs quratic coupling (λ1) and the Higgs mass parameters (µ
2
1) along
with the newly introduced quartic couplings (λ2, λ3) and mass parameter (µ
2
s). The full set of new



























From the RGEs of the mass parameters, one immediately notices that the coupling λ3 has the
potential to turn the mass parameter of SM Higgs negative at low energy while it remains positive
at high energy. And one also notices that one needs a lower bound on coupling λ3 to perform
such a mechanism. The quartic coupling λ3 is also the coupling that keeps the dark matter in
thermal equilibrium. So a lower limit needed for the radiative electroweak symmetry breaking can
be trasnlated into a lower limit on the dark matter mass if one assumes that the thermal relic
abundance of the dark matter is in agreement with the observed density, ΩDMh
2 ' 0.1186. Here
ΩDM is the critical mass density for dark matter and h is the Hubble constant in units of 100





v2 + µ2s and also
assuming standard thermal freeze-out, we get mDM ' 3.3 λ3 TeV.
Furthermore, according to Eq. (3.37) the contribution of the quartic couplings λ3 to the SM
Higgs quartic coupling is just perfect to make the electroweak vaccum stable.
3.5.3 Complete set of RGEs for Extension of SM with a scalar singlet







































= 6λ3(λ1 + λ2).
(3.37)
RGEs for the Yukawa couplings and the gauge couplings remain the same as SM.
3.5.4 Solution to the RGEs
Like the previous cases, we evolved the SM couplings and parameters at two-loop level upto the
energy scale corresponding to the mass of the singlet. From that point we evolved the new set of
RGEs at one loop level upto Planck scale.
We randomly took a sample point to illustrate the Radiative Electroweak symmetry breaking
scenario for this simple extension of SM. The running in Fig. 3.7a is from the mass of the singlet to
the Planck scale, while Fig. 3.7b is from weak scale to planck scale. To show the evolution of the
SM Higgs quartic coupling we evolved the λeff1 upto the singlet mass using two-loop SM RGEs then
used the matching condition in Eq. (3.34) and the set of updated RGEs to run the coupling upto
Planck scale (see Fig. 3.8). The figure also shows that the electroweak vacuum is perfectly stable
for the selected sample point.
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Quartic couplings values Mass parameters values





λeff1 (µs) 0.1887 v(mZ) 174.10 GeV









Table 3.4: Quartic coupling and mass parameter values for the sample point used for the extension
of SM by a real scalar singlet in Fig. 3.7
(a) Evolution of mass parameters (b) Evolution of quartic couplings
Figure 3.7: One loop running of the parameters of SM with an extension by a real scalar singlet
upto Planck scale. The black dashed line corresponds to the scale, µr = µs.
3.6 Vector-like fermion model
At the end of last year, the ATLAS and CMS collaborations of LHC presented the first data obtained
at the Run 2 with proton-proton collisions at the center of mass energy of 13 TeV. Most interesting
part of the data was the excess in the distribution of events containing two photons at the diphoton
(γγ) invariant mass approximately 750 GeV with a 3.9σ significance for ATLAS and 2.6σ for CMS
[25, 26]. The signal cross section is reported to be (6± 3) fb by CMS and (10± 3) fb by ATLAS. In
the updated analysis ATLAS has reported that it has observed a diphoton invariant mass around
750 GeV with local significances of 3.8 and 3.9 standard deviations in the searches optimized for a
spin-2 and spin-0 particle. The global significances are estimated to be 2.1 standard deviation for
both analysis [27]. For CMS the local significance of the excess is ∼ 3.4 standard deviations. The
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Figure 3.8: Running of the SM Higgs quatic coupling in the extension of SM by a real scalar singlet.
significance is reduced to 1.6 standard deviation when the effect of searching under multiple signal
hypotheses is considered [4]. Even though the incident needs more data to rule out the possibility
of a statistical fluctuation, it created a major out-pour of publications mentioning many possible
interpretations and concerns regarding the phenomenon. Here we present a possible interpretation
of this diphoton excess in a quark seesaw model with TeV scale vector-like fermions.
3.6.1 The model
The model uses the seesaw mechanism for quarks and leptons and is based upon the assumption
that there exists a set of TeV scale vector-like fermions. These vector-like heavy fermions along with
the SM fermions create the universal seesaw picture which naturally leads to small masses for the
quarks like u, d · · · and leptons like e, µ. The CP violation for the model has been discussed and it
was noted that the model provides a solution of the strong CP problem as the θ parameter of strong
CP problem only has non-zero value (θ ∼ 10−12) at two-loop level [22, 23, 24].
The original version of the model was constructed in the context of a left-right symmetric model.
Here we will study a variant of the model which is based on an extension of the SM gauge sector by
an U(1)X , where all the left-handed fermions of SM are neutral under the new gauge group while the
TeV scale vector-like fermions which are responsible for the seesaw masses for quarks and charged
leptons are charged. The model requires two more additional scalar bosons (S1 and S2) along with
the SM Higgs doublet and the quantum charge assignment for all the particles of the model is listed
in the Table 3.5.
The vev of the singlet S2 gives masses to the vector-like fermions and the vev of S1 along with the
electroweak vev mixes the right and left-handed quarks (and leptons) with the vector-like quarks
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Particle (SU(3)C × SU(2)L × U(1)Y × U(1)X)
Q (3, 2, 1/6, 0)
L (1, 2,−1/2, 0)
uc (3, 1, 2/3,−2)
dc (3, 1,−1/3, 2)
ec (1, 1,−1, 2)
U,U c (3, 1,−2/3, 1)
D,Dc (3, 1, 1/3,−1)
E,Ec (1, 1, 1,−1)
φ (1, 2, 1/2,−1)
S1 (1, 1, 0, 1)
S2 (1, 1, 0,−2)
Table 3.5: Particle content of the vector-like fermion model
(and leptons) while the U(1)X symmetry forbids the bare mass terms of any of the vector-like
fermions.
Note that, the setup is anomaly free. As the added fermions are of vector-like, most of the





U(1)X . A straightforward calculation using Table 3.5 shows that the anomalies for these
two cases are also zero.
The Yukawa sector of the Lagrangian for this model is given by
LY = YuQU cφ+ FuUucS1 + GuUU cS2
−YdQDcφ̃+ FdDdcS∗1 + GdDDcS∗2
−YeLEcφ̃+ FeEecS∗1 + GeEEcS∗2 + h.c.
(3.38)
where
YuQU cφ =(Yu)ij(uiU cj φ0 − diU cj φ+u );
−YdQDcφ̃ =(Yd)ij(uiDcjφ− + diDcjφ
0
);














When the electroweak doublet and both the scalar singlets get vevs, one acquires the fermion












The scalar potential of the model can be written as

































Here µ can be taken as real without any loss of generality by the redefinition of the complex
scalar S2 .
When the scalar S1 develops a vev vs1 via radiative corrections, the S2 develops an induced vev
due to the linear term in S2 in the potential. For such a case, the imaginary part of the complex








0 −2µvs1 λ5v2 + λ6v2s1 + µ22 0








Here the basis of the matrix M2s is {mh,mS1 ,mS2R ,mS2I}, where mh is the SM Higgs, and mS1 is
the mass of the singlet S1 and the mS2R ,mS2I are the masses of the real and imaginary part of the








3.6.2 The stability condition and the evolution of the mass parameters
From the stability point of view, the scalar potential of the vector-like fermion model and the two-
loop neutrino mass model are identical. So, the stability condition given by Eq. (3.16) is applicable
here too.
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The complete set of RGEs are given in the next section.
3.6.3 Complete set of RGEs for vector-like fermion model




























































































F†uFu + TF −
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dYd + TG −
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= 4λ2λ6 + 4λ3λ6 + 4λ4λ5 + 4λ
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3.6.4 Solution to the RGEs
To find the solution of the set of RGEs, we took a more simplified case where we kept all the Yukawa
coupling F to be small and negligible and Yukawa coupling G ' O(1). The numerical solution was
hunted for the case where one of the eigenvalue of the scalar mass matrix Ms corresponds to the
SM Higgs boson and another one corresponds to the possible newly discovered scalar boson of mass
∼ 750 GeV. The vector-like fermion mass was kept around TeV scale where the mass is approximated
by ∼ Gvs2. One such sample point is given by the Table 3.6. As the first new particle in this model
is at µs = 750 GeV, the SM RGEs were evolved at two-loop level upto the scale µs and then the new
set of RGEs was deployed to do the evolution of the couplings and mass parameters. Fig. 3.9 shows
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λ5(µs) 0.1 (Gu)ii(Mz) ∼ (Gd)ii(Mz) ∼ (Ge)ii(Mz) 0.45
λ6(µs) 0.09 vs1 3.60 TeV
vs2 2.26 TeV
Table 3.6: Quartic coupling and mass parameter values for the sample point used for the vector-like
fermion model in Fig. 3.9
that the both the vevs (electroweak vev and vev for the single S1) can be generated by radiative
correction.
3.7 Conclusion
We presented various extensions of SM where electroweak symmetry breaking was triggered by
radiative loop corrections. Even though such symmetry breaking fails to occur in SM, the simplest
extensions are able to incorporate the mechanism. Extensions like Type-II seesaw models, loop
induced neutrino modelsm scalar dark matter models all have this built-in feature. For such cases,
we found that TeV scale scalars are the best scenario as they can major effect on the evolution of
the mass parameters. These TeV scale scalars may be detected in the upcoming LHC run.
(a) Evolution of mass parameters
(b) Evolution of quartic couplings
Figure 3.9: One loop running of the couplings and mass parameters of vector-like fermion model.
The black dashed line corresponds to the scale, µr = µs.
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CHAPTER 4
An O(3)L ×O(3)R FLAVOR GAUGE SYMMETRY NEAR TEV SCALE
4.0 Short Review of SM Flavor Physics
In particle physics, the term “flavors” is used to describe several copies of the particle with the
same gauge representation. So, when several particles have same quantum charges under the gauge
group of the model and only differ by their masses, they are known as same type of particle with
different “flavors”. The term “flavor physics” refers to interaction that distinguishes between flavors.
The gauge interaction related to unbroken symmetries and mediated by massless gauge bosons do
not distinguish among the flavor and thus cannot be a part of the flavor physics. On the contrary,



















(i) electron neutrino, (νe)
(ii) muon neutrino, (νµ)
(iii) tau neutrino, (ντ )
Table 4.1: List of flavored fermions of SM
Within SM, in terms of the unbroken gauge group SU(3)C ×U(1)Q there are four different types
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of particles and each type comes in three flavors. All the SM “flavored” fermions are enlisted in
Table 4.1.
The term “flavor changing processes” refers to the processes where the total number of certain
flavor does not remain constant. Here a particle of certain flavor is counted as +1 and the antipar-
ticle is counted as −1. In flavor changing charged current (FCCC) the flavor changing process is
mediated by a charged particle (within SM, the mediator is W±-boson) while the flavor changing
neutral current (FCNC) is mediated by a neutral one (within SM, the mediator is Z-boson). In
FCCC, both up-type and down-type quarks and/or charged lepton and neutrinos are involved. Ex-
amples of such processes are: (i) µ → e νe νµ; (ii) K−(su) → µ− νµ. In FCNC, either up-type or
down-type quarks but not both and either charged leptons or neutrinos but not both are involved.
Example of such processes are: (i) µ → eγ (ii) KL(sd) → µ+µ−. The most important feature of
FCNC in SM is that FCNC in SM only happens at loop-level while FCCC in SM happens at tree
level. This situation about FCNC makes it particularly sensitive to new physics beyond SM (BSM).
If the FCNC in the new physics fails to have a suppression (like loop suppression in the case of SM)
its contribution to FCNC might become comparable to SM one even if the new physics scale is much
higher than the weak scale. This sensitivity of flavor physics about new physics is one of the primary
reasons for the experimental endeavor for precise measurement of flavor data and theoretical effort
to interpret them. So, any realistic flavor model will have to satisfy all the constraints imposed by
such experimental data.
In SM, there are three generations for fermions, each consisting of five representations of SM
gauge group SU(3)C × SU(2)L × U(1)Y :
QiL(1, 2, 1/6); LiL(1, 2,−1/2); uiR(3, 1,−2/3); diR(3, 1, 1/3); eiR(1, 1, 1); (4.1)
In SM, the source of all flavor physics is in Yukawa sector of the Lagrangian as the weak interaction
















R + h.c. (4.2)
where φ̃ = i σ2φ
†. This is the flavor dependent and Charge-Parity (CP)-violating part of the
Lagrangian where Y∝ 1. In the absence of the Yukawa matrices Yu, Yd, Ye the SM has a larger
U(3)5 global symmetry:
Gglobal(Yu,d,e = 0) = SU(3)
3
q × SU(3)2` × U(1)5 (4.3)
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The non-Abelian part of the global symmetry is recognized as:
SU(3)3q =SU(3)Q × SU(3)U × SU(3)D;
SU(3)2` =SU(3)L × SU(3)E ;
(4.4)
This non-Abelian part is particularly relevant to the flavor physics as under these flavor symmetries:
QL → VQQL; UR → VUUR; DR → VDDR; LL → VLLL; ER → VEER; (4.5)
where Vi’s are the unitary matrix associated with the SU(3)i global groups. The Yukawa sector
breaks the global symmetry and the remainder of the symmetry can be identified as:
Gglobal(Yu,d,e 6= 0) = U(1)B × U(1)e × U(1)µ × U(1)τ (4.6)
where baryon number is denoted by B. And U(1)Y (hypercharge) which is gauged in SM is also a
good symmetry. So, the term ”flavor violation” can be redefined as the interaction that breaks this
Gglobal(Yu,d,e = 0) group. For example, in SM the Yukawa interaction is flavor violating sector.
To identify the minimized number of parameters associated with the flavor violation in SM, one
uses the quark Yukawa matrices in a basis where:
Yd = λd; Yu = V
†
CKMλu; (4.7)
where λd,u are diagonal matrices and λd = diag (yd, ys, yb) and λu = diag (yu, yc, yt) while VCKM is
the unitary matrix known as Cabibo-Kobayashi-Maskawa (CKM) matrix which contains information
on the strength of the flavor changing weak decays and has three real angles and one complex phase.
So, in the quark flavor sector we end up having 10 parameters: 9 real ones and a single phase. In
the mass basis, six of them are identified as six quark masses while three of them are mixing angles
and last one being the complex phase and appears in the VCKM matrix. Any flavor model of BSM
also needs to be able to reproduce the CKM matrix which has been experimentally measured upto
an excellent degree of precision.
4.1 Introduction
At the end of last year, the ATLAS and CMS collaborations of Large Hadron Collider (LHC) pre-
sented the first data obtained at the Run 2 with proton-proton collisions at the center of mass energy
of 13 TeV. Most interesting part of the data was the excess in the distribution of events containing
two photons at the diphoton (γγ) invariant mass approximately 750 GeV with a 3.9σ significance
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for ATLAS and 2.6σ for CMS. The signal cross section is reported to be (6 ± 3) fb by CMS and
(10 ± 3) fb by ATLAS [1, 2]. In the updated analysis ATLAS has reported that it has observed a
diphoton invariant mass around 750 GeV with local significance of 3.8 and 3.9 standard deviations
in the searches optimized for a spin-2 and spin-0 particle. The global significance is estimated to be
2.1 standard deviation for both analysis [3]. For CMS the local significance of the excess is ∼ 3.4
standard deviations. The significance is reduced to 1.6 standard deviation when the effect of search-
ing under multiple signal hypotheses is considered [4]. Even though the incident needs more data
to rule out the possibility of a statistical fluctuation, it created a major out-pour of publications
mentioning many possible interpretations and concerns regarding the phenomenon. Unfortunately
almost all the apparent explanations lack complete and consistent underlying structure behind the
proposed explanations.
We propose a model with flavor structure based upon gauging one of the maximal subgroup of
[U(3)]
5
which is the global flavor symmetry of SM, following the dictum that any symmetry that is
anomaly-free must be gauged. Such a gauged symmetry provides an organizing principle for the SM
fermions and can explain their masses and mixings. One can find out the set of maximal subgroup of
the global flavor symmetry by determining the anomalies of the groups especially the G3 and G2×Y
anomalies, where G is the gauged flavor symmetry. From the anomaly cancellation calculation one




For the first case, the left-handed SU(2)L doublet fermions (Q,L) are the triplets of O(3)L while
the conjugate right-handed singlet fermions (uc, dc, ec) are triplets of O(3)R. So the fermions group
structure under this flavor maximal sub group is:
Q(3, 1); L(3, 1); uc(1, 3); dc(1, 3); ec(1, 3); (4.8)
The SM Higgs doublet field φa that generate fermion masses and mixings must then transform as
(3, 3) of O(3)L × O(3)R and the Yukawa couplings of the SM are thus promoted to dynamic field
φaij with a singlet unified coupling for each type of fermions.
Now, O(3)L × O(3)R group symmetry is sponetaneously broken down to D3L ×D3R symmetry by
the vacuum expectation values (vevs) of left-handed 7-plet (TL) and right-handed 7-plet (TR) while
the D3L ×D3R symmetry is completely broken down by either a scalar bi-fundamental ψ(3, 3) or a
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pair of scalar fundamentals (ψL(3, 1) + ψR(1, 3)). The electroweak symmetry of the SM is broken
by the complex bi-fundamental (φ(3, 3)) which is also a doublet under SU(2)L group.The neutral
component of the φ33 element acquires the required electroweak vev to perform the electroweak
symmetry breaking and generates masses for the third generation fermions. In this model, the Higgs
particle discovered in the LHC is primarily this scalar component with an admixture of other neutral
components from both φ and ψ(ψL/R). The other neutral components of the bi-fundamental φ pro-
vide masses and mixture for the other generations of fermions by vevs induced by the ψ vevs and the
φ33 vev. In such a scenario, a scalar of 750 GeV mass which comprised mostly a scalar component
from the bi-fundamental ψ can decay to two photons via loop diagram with some charged scalar
from the doublet φ running in the loop.
4.2 The model(s)
We extend the gauge symmetry of the SM by the symmetry group O(3)L × O(3)R, which is a
maximal subgroup of the flavor symmetry possessed by the fermion contents of the SM. Due
to anomaly cancellation the symmetry group O(3)L × O(3)R is one of the maximal subgroups
of [U(3)]5 that can be gauged. Under this symmetry group, the SM fermions belong to the
Q(3, 1) + L(3, 1) + uc(1, 3) + dc(1, 3) + ec(1, 3) representations. The scalar sector of the model
contains TL(7, 1) + TR(1, 7) + φ(3, 3) representations and either a real bi-fundamental ψ(3, 3) or a
pair of real fundamentals ψL(3, 1)+ψR(1, 3). All the Higgs fields except φ are singlets under the SM.
And the electroweak (EW) symmetry is broken by the bi-fundamental of the flavor group φ(3, 3)
which is also a doublet under the SM gauge group SU(2)L. The φ field is responsible for generating
the fermion masses and mixings by performing electroweak symmetry breaking and mixing with the
other scalar fields.
The 7-plet ofO(3)L/R group is a symmetric traceless third ranked tensor T
L/R
abc , with a, b, c = 1−3.
Both the left-handed and right-handed 7-plet T
L/R















































And the traceless conditions implies that:
T111 + T122 + T133 =0;
T112 + T222 + T233 =0;
T113 + T223 + T333 =0.
(4.10)
For the group O(3)L (O(3)R) we use the group indices to be a, b, c (α, β, γ).
Here we consider two different cases:
• Model with a bi-fundamental: Scalar sector contains: Left-handed 7-plet, TL(7, 1) +
Right-handed 7-plet, TR(1, 7) + Bi-fundamental, ψ(3, 3) + Bi-fundamental which is also a
SU(2)L doublet, φ(3, 3)
• Model with fundamentals: Scalar sector contains: Left-handed 7-plet, TL(7, 1) + Right-
handed 7-plet, TR(1, 7) + Left-handed fundamental, ψL(3, 1) + Right-handed fundamental,
ψR(1, 3) + Bi-fundamental which is also a SU(2)L doublet, φ(3, 3).
Both the possibilities have been analyzed from the point of view of symmetry breaking, fermion
masses and mixings, flavor constraints and possible candidate for 750 GeV scalar which can decay
via diphoton channel.
4.3 Model with a bi-fundamental





The complete Lagrangian with these scalar multiplets can be written as:
V = Vψ + Vχ + Vφ + Vψφ + Vm. (4.11)
where
Vψ =− µ2ψ ψaαψaα +
1
6











































































































































































































































































Here the non-trivial couplings are denoted in bold. a, b, c, d, e, f are O(3)L indices, α, β, γ, δ, µ, ν are
O(3)R indices and ρ, σ are SU(2)L indices.
4.3.1 The O(3)L ×O(3)R flavor symmetry and the EW symmetry breaking
To break the O(3)L × O(3)R flavor symmetry we chose the vevs of the 7-plets as 〈χL1 〉 = vL and
〈χR1 〉 = vR. This choice of vevs breaks the symmetry as follows:
O(3)L ×O(3)R → D3L ×D3R. (4.12)
We chose this symmetry breaking scale to be vL ∼ vR ∼ 10 TeV. Since TL,R and ψ fields are the
SM singlets, so the SM gauge group can only be broken by the doublet field φ. We assume that the
φ33 component of the doublet field acquires a vev, 〈φ33〉 = vew which can be taken to be real. This
vev vew = 174 GeV breaks the SM symmetry group :
SU(2)L × U(1)Y → U(1)Q. (4.13)
This vev structure corresponds to the following stationary equations :
κ1v
2





L − 2ν2R + 2 (2ξ3 + ξ4) v2R = 0;
λφv
2

































Using the solution set of the stationary equations, we examine the mass spectrum of the scalars. We













33 mix with each other












4v2L (2ξ1 + ξ2) 4vLvRξ5 2vewvLκ1
4vLvRξ5 4v
2





The mixing between the χL,R1 and H
0
33 fields is of the order of ∼ vew/vL,R ∼ 174GeV/104GeV ∼ 10−2
which is pretty small. Then only term that mixes χL1 and χ
R
1 fields is the trivial coupling ξ5.
The fields χL,R2 remain massless and are the Goldstone bosons. The components χ
L,R
5,6,7 do not



















































5,6 are degenerate in mass as they form a doublet (2) under the symmetry D3L,R and χ
L,R
7 is an
odd singlet (1′) under D3L,R.
In addition, χL3 mix with H
0





















which has a Goldstone state. One can Diagonalize the mass matrix by the similarity transformation
OTMO, where the orthogonal matrix can be written as
O =
(
cos θL − sin θL
sin θL cos θL
)











Then the Goldstone state is given by χ
′L
3 = cos θL χ
L
3 − sin θL H013 and the orthogonal state is given
by H
′0
13 = sin θL χ
L
3 +cos θL H
0











. The mixing is small
since θL ∼ O(tan−1[vew/vL]) ∼ 10−2 and the Goldstone is mostly composed of χL3 .
Similarly, the fields χL4 and H
0
23 gets mixed and the mass matrix is similar to the one given in





form a doublet under D3L group (more specifically (2, 1) representation under D3L ×D3R). For χR
one needs to make the replacements vL → vR and κ2 → κ4. So the Goldstone bosons due to the
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3,4 and due to the O(3)R symmetry breaking the Goldstone





3 = cos θL χ
L
3 − sin θL H013;
χ
′L
4 = cos θL χ
L
4 − sin θL H023;
χ
′R
3 = cos θR χ
R
3 − sin θR H031;
χ
′R
4 = cos θR χ
R

























The field ψ11 mixes with H
0
















−2 (λφ − λ1 − λ6) v2ew + v2Lκ2 + v2Rκ4
) ) .
(4.22)
Naturally the off-diagonal term is much smaller than the diagonal terms. In addition, assuming the
coupling µζ small, one can treat the states ψ11 and H
0
22 to be almost purely mass eigenstate. The
mass matrix for the fields ψ12 and H
0
21, ψ21 and H
0
12 and ψ22 and H
0
11 are also given by Eq. (4.22).
The reason for such degeneracy becomes obvious when one realizes that with the vevs vL, vR the
decomposition of bi-fundamental of O(3)L ×O(3)R in the D3L ×D3R is given by:
(3, 3)→ (2, 2) + (1, 2) + (2, 1) + (1′, 1′) (4.23)
As the electroweak breaking is triggered by the vev of φ33 which is an odd singlet (1
′) of D3L×D3R,
it does not break the D3L ×D3R symmetry.
The ψ13,23 components of the bi-fundamental field ψ form a doublet under D3L whereas ψ31,32
is a doublet under D3R while ψ33 is the odd singlet. The masses of these (2, 1), (1, 2) and (1
′, 1′)
multiplets of D3L ×D3R are,
m2ψ13,23 = (ζ1 + ζ3) v
2
ew − 2µ2ψ + (2κ5 + κ6) v2L + 2κ7v2R,
m2ψ31,32 = (ζ1 + ζ2) v
2









with ζψ = ζ1 + ζ2 + ζ3 + ζ4 + ζ5.
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A031,32 belong to the representations (2, 2), (2, 1) and (1, 2) of D3L ×D3R respectively. The charged




33 are eaten-up by the SM gauge

















































R − (λφ − λ4 − λ6 − λ8) v2ew.
(4.26)
4.3.2 The D3L ×D3R flavor symmetry breaking
In the previous sub-section, the mass spectrum of the scalars were analyzed in details in the D3L ×
D3R symmetric case. From the expressions of the masses one sees that with couplings being ∼ O(1),
all the scalar fields (except H033 which is the SM doublet) tend to have masses ∼ O(vL,R) ∼ 10
TeV. But for phenomenological interest, by appropriately fixing the quartic couplings we will keep
the masses of the bi-fundamentals (ψaα, φaα) at the sub-TeV range (∼ 0.5 − 1 TeV). From the





4 ∼ O(0.5− 1TeV). For similar reason, the couplings κ5,6,7,8 needs to be fixed
in Eq. (4.24) for the bi-fundamental field ψaα.
D3L×D3R is a good flavor symmetry and only needs to be broken at some lower scale (∼ several
GeV) for flavor considerations. So one can work in the decoupling limit, where the heavy 7-plet
fields, χL,Ri can be integrated out. Then at the lower scale, one can only concentrate on the effective
potential of the bi-fundamentals. In Fig. 4.1 it is shown that the quartic couplings for the ψ field
get modified due to the presence of such feynman diagrams.
To take into account such modification, the relevant terms of the original potential is of the form,












Figure 4.1: Feynman diagram for effective quartic coupling
















where c is some constant. Similarly one needs to update the quatric couplings of terms involving
ψ2|φ|2 and also |φ|4. χ1,5,6 fields are integrated out as they become massive and for χ7 field, no
term like λvχiψψ exist in the original potential. Also recall that the fields χ2 and χ
′
3,4 are the
Goldstone bosons. For any calculations from now on, we will be dealing with the effective potential
involving fields ψ and φ and show the explicit form of these effective couplings in terms of the original
couplings. And also the primes (′) on the fields H
′0
13,23,31,32 will be suppressed.
Now to break the D3L ×D3R flavor symmetry, some components of the ψ field needs to acquire
vevs. From the analysis above, ψ field decomposes as (2, 2)+(1, 2)+(2, 1)+(1′, 1′) under D3L×D3R
group. We assume a vev structure (vaα) for ψaα where (2, 2) vev is diagonal and the rest of the
multiplets get all non-zero vevs. Such a vev structure will break the D3L ×D3R symmetry and the
mass degeneracies will be broken as well.
The consequence of this symmetry breaking is that all the neutral components of ψaα and φaα will
mix with each other. In this second stage of symmetry breaking, we assume none of the components
of φ gets any explicit vev (recalling that φ33 vev already broke the EW symmetry). The other
components of φ also get induced vevs through φ33 and ψ vevs and generate all the fermion masses
and mixings. The off-diagonal vevs vaα must be small like ∼ 10 GeV to avoid FCNC. Since the
diagonal vevs do not induce mixings among all the components of φaα, these vevs can be ∼ 100 GeV
(diagonal ψ vevs introduce mixings among {φ11, φ22, φ33}; between {φ12, φ21}; between {φ13, φ31};
between {φ23, φ32}). The phenomenologically relevant mixings among different scalar fields due to
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such breaking pattern will be discussed in the next section in details. Also the induced vevs of φ
will be analysed in the next subsection where we discuss the fermion mass generation.
4.3.3 The Yukawa Lagrangian
The SM fermions belong to the Q(3, 1) +L(3, 1) +uc(1, 3) + dc(1, 3) + ec(1, 3) representations under
the O(3)L × O(3)R group. In our model, the only Higgs field that is responsible for generating the
fermions masses and mixings is φ(3, 3) which is a SM doublet with Y = 1/2. Fermion masses arise
from the Yukawa Lagrangian
Ly = yuQaucαφaα + ydQadcαφ∗aα + ylLaecαφ∗aα + h.c. (4.31)
where yu,d,l are the single unified Yukawa couplings in each sector. And the fermion mass matrices
are then given by
Muaα = yu〈φaα〉, Mdaα = yd〈φ∗aα〉, M laα = yl〈φ∗aα〉. (4.32)
Since the EW symmetry is broken by the 33 component of φ, yu ∼ mt/vew , yd ∼ mb/vew and
yl ∼ mτ/vew where yu ∼ O(1) and yd,l  yu. As explained above, the D3L × D3R breaking vevs
of ψ will induce φ VEVS that are responsible for fermion mass and mixing generations. In general
scalars with O(1) Yukawa couplings with the up-quarks must have mass & O(100) TeV due to
flavor constraints. However, such constraints are not valid in this model due to the presence of the
approximate D3L×D3R flavor symmetry and these scalars can be relatively light. In this model we
assume the masses of φaα ∼ O(0.5− 1) TeV for phenomenological requirements.
We write down the expressions of the induced vevs of the φ field due to the D3L×D3R symmetry
breaking. After this symmetry breaking the masses of the scalars H0aα and the pseudoscalars A
0
aα
will get modified. These corrections will be proportional to the D3 breaking vevs and we denote
them as δm2H0aα
and δm2A0aα










































































































































with the dimensionful quantities ci’s are given by:
c1 =24ξ2 (2ξ1 + ξ2) v
4





ξ2κ6 (2ξ1 + ξ2) v
5
L (v11v31 + v13v33)
c3 =24ξ2 (2ξ1 + ξ2) v
3
Lvew (ζ2v22v32 + (ζ2 + ζ4 + ζ5) v23v33)
c4 =− 8
√
6ξ2κ6 (2ξ1 + ξ2) v
4
L (v22v32 + v23v33)
c5 =24ξ4 (2ξ3 + ξ4) vewv
4
R (ζ3v11v13 + (ζ3 + ζ4 + ζ5) v31v33)
c6 =− 8
√
6κ8ξ4 (2ξ3 + ξ4) (v11v13 + v31v33) v
5
R
c7 =24ξ4 (2ξ3 + ξ4) vewv
4
R (ζ3v22v23 + (ζ3 + ζ4 + ζ5) v32v33)
c8 =− 8
√




One also needs to notice that the masses of the quarks (for example strange quark) will receive finite
correction from the relations given in the Eq. (4.31). The correction to the mass comes from the





diL tR tL djR
X
X
Figure 4.2: Feynman diagram for the correction of strange and bottom quark masses
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4.4 Explaining the 750 GeV di-photon signal
As in the model the field ψ11 gets mixed with φ11, and we identify this admixture as the 750 GeV
scalar, S = cos θ ψ11 + sin θ φ11. So ψ11 can be produced through φ11 field. The corresponding








Figure 4.3: Production of 750 GeV scalar.
As mentioned earlier, the D3L×D3R symmetry needs to be broken at the few GeV range due to
flavor constraints. One can break D3×D3 symmetry by a certain vev structure of the bi-fundamental
field, ψ. The EW symmetry is broken by the 〈φ33〉 = vew that we have taken to be real. This is
the only component of the doublet field that gets explicit vev. But to generate the fermion masses
and mixing, the other components of φ needs to get vev too. These components can in principle get
induced vevs due to breaking of D3 × D3 symmetry by the ψ field. For such purpose, we assume
a general vev structure 〈ψij〉 6= 0 for all i, j. The off-diagonal vevs must be small due to flavor
constraints ∼ 10 GeV, but the diagonal vevs can be ∼ 100 GeV. After the symmetry breaking all
the neutral scalar fields in ψ and φ will mix with each other. We assume that ψ11 and φ11 mix well
and the mixings of these fields with rest of the neutral scalars are relatively small. Then the part of









From the potential one sees that, ψ11 can decay into two photon since it has coupling to the

















Such decay of 750 GeV scalar to di-photon is shown in Fig. 4.4. These charged scalars can be light
∼ 400 GeV. It is clear that more terms can in principle contribute to this process, such as φ+iiφ
−
ii .
But these scalars will be directly produced at LHC and their masses can not be too light and needs
to be & 1 TeV from phenomenological constraints. The effective couplings in Eq. (4.36) in terms of









Figure 4.4: Decay of ψ11 field to di-photon.







































































































































We estimate the production cross section of S at the 13 TeV LHC as [6]:
σ(pp→ S) ∼ 125Ky2 pb, (4.38)
and the decay width to be
Γ(S → uu) ∼ 45y2 GeV. (4.39)
We take K = 2 and y = 1/3 for numerical computations. For such a case the production cross section
is about 20pb while the decay width turns out to be 5 GeV. For such a scenario the branching ratio
for two photon decay should be about 10−4 so that σ×Br = 2 ∼ 3fb. Naive estimation without any




≡ 10−6. An enhancement of few hundreds
can come from the fact that in the term given by Eq. (4.36) the vev of ψ11 can be of the order of
100 GeV as the diagonal vev does not induce mixing between φij ’s which in turn could have caused
FCNC.
Again for the decay channel, from the diagram in Fig. 4.4, one realizes that the presence
of multiple charged scalar particles introduces another factor of enhancement. As there are nine
charged scalars in the bi-fundamental φ, an enhancement of (9 × 3)2 ≈ 103 can be there, if the
effective quartic is about 3. One also needs to consider the masses of the charged scalars. The off-
diagonal charged scalars can be as light as 400 ∼ 500 GeV while if we consider the diagonal charged
scalar, they needs to at the TeV range. We analyzed both the case when the four off-diagonal charged
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Figure 4.5: Decay width for the process S → γγ for the cases (i) when four charged scalars contribute
in Eq. (4.36) (left) and (ii) when all the charged scalars contribute (right). The vev of ψ11 is fixed
to 100 GeV.














































Figure 4.6: Production cross section × the branching ratio for the cases (i) when four charged scalars
contribute in Eq. (4.36) (left) and (ii) when all the charged scalars contribute (right). The vev of
ψ11 is fixed to 100 GeV.
scalars are light and all the charged scalar are at the TeV scale (see Fig. 4.5, Fig. 4.6). From the
plots one realizes that if the four off-diagonal charged scalars are as light as 400 GeV, then with
effective quartic coupling of ∼ 3 one can get the production crosssection × Branching ratio ≈ 3fb.
4.5 Model with the fundamentals









Lagrangian with these scalar multiplets can be written as:
V = Vψ + Vχ + Vφ + Vψφ + Vm. (4.40)
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Here, a, b, c · · · are O(3)L indices, α, β, γ · · · are O(3)R indices and ρ, σ are SU(2)L indices.
Let us assume the D3 preserving vev to be 10
3 TeV. χ
L1,R1
are the singlets of D3L,R and acquires














The vev equation becomes:










































































































































































































































































































































can be diagonalized by the diagonalization matrix:
RL =
(
cos θL sin θL









30 ξ4 + 15 ξ5 + 30 η4r































range of 1 TeV with very little mixing, we need ξ
7
≈ 10−6 and ξ
3















≈ −1 Tev which makes θL ≈ 10−6. This makes the eigenvalues
of the matrix M2(χd, ψd) as ≈ {1000, 1}, ie. the D3 doublet χd will have a mass around 30 TeV and
the D3 doublet ψd will have a mass around 1 TeV.
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In this case, we need ξ
7
≈ 10−3 and ξ
3
















≈ −1 Tev. This makes the eigenvalues of the matrix M2(χd, ψd)
as ≈ {1000, 1}, ie. the D3 doublet χd will have a mass around 30 TeV and the D3 doublet ψd will































So, the conversion becomes
ψ1 = cos θLψ
1
L + sin θLχ
5
L
ψ2 = cos θLψ
2
L + sin θLχ
6
L
χ5 = − sin θLψ1L + cos θLχ5L
χ6 = − sin θLψ2L + cos θLχ6L
(4.50)
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The Lagrangian for the two D3 doublet can be written as:























































































































































































































































cos θL sin θL + η4v
2
R1
cos2 θL − µ2L cos
2 θL
bL = ξ1 cos










































































cos θL sin θL + η4v
2
R1
sin2 θL − µ2L sin
2 θL
eL = ξ1 sin













































































































ξ5vL1 (sin θL − sin 3θL) +
3
2




ξ7vL1 (cos θL + cos 3θL)
iL = 2 ξ1 cos
2 θL sin






























jL = 4 ξ1 cos
2 θL sin
































kL =− 4 ξ1 cos3 θL sin θL + 4 ξ2 cos θL sin3 θL +
142
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ξ7 (− cos 2θL + cos 4θL)


























































cos θR sin θR + η3v
2
L1
cos2 θR − µ2R cos
2 θR
bR = ζ1 cos

















































































cos θR sin θR + η3v
2
L1
sin2 θR − µ2R sin
2 θR
eR = ζ1 sin
















































































2 θR sin θR −
1
15




































(cos θR + cos 3θR)
iR = 2 ζ1 cos
2 θR sin







2 θR − 2 ζ4 cos2 θR sin2 θR +
1
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jR = 4 ζ1 cos
2 θR sin































































(− cos 2θR + cos 4θR)




3 θR sin θR −
1
2















































































Setting ∂χ5V2D = 0 and ∂χ6V2D = 0, we get upto first order in χ5 and χ6, one finds that one needs
















































































One can use these equation to solve for χ5 and χ6 for both the left-handed and right-handed
cases and use them to remove the χ5 and χ6 from the low energy theorem and rewrite the potential
in terms of ψL and ψR.


















































































































































































One needs to be careful about writing done such effective theory as one needs to include both the
left and right-handed part and also the trivial mixed terms. With this d = 6 dimensional effective
potential one can show that when the non-trivial d = 6 dimensional term becomes comparable to
the d = 4 terms, one can essentially break the left-over Z2 symmetry with the D3 doublet vevs. In
such a case, the relation between the doublet vevs are no longer valid and vev of each component
can be treated as an independent parameter. Such a freedom is an absolute necessity to satisfy the
FCNC constraints as this vev structure induces the vevs of all the components of φ except φ33 which
gets an explicit vev.






µR〈ψR2〉 µR〈ψR1〉 ≈ 〈φ33〉2
 (4.58)
The matrix M can satisfy all the flavor constraints if M31 ≈ M32 ≈ M21 ≈ 0 and M12 < M22
andM13 <M23. In the previous analysis, we were able to show that 〈ψL1〉, 〈ψL2〉, 〈ψR1〉 and 〈ψR2〉
can all be made independent of each other as the broken down model does not carry Z2 symmetry
anymore. Also in the fundamental case, µL and µR are free massive parameters. So, we can easily
make M31 ≈ M32 ≈ M21 ≈ 0. But due to structure of M the relation M12 < M22 cannot be
satisfied.
One can consider two types of solution to this problem:
• One can consider the situation where the D3 doublet χ5, χ6 are also getting explicit vevs. In
this scenario one can analyze the full symmetry breaking sector. As both the D3 doublets
are getting vevs, the Z2 symmetry will be broken and the induced vev structure will also be
modified.
• One can also include a bi-fundamental along with the pair of fundamentals where the bi-
fundamental gets a diagonal vev structure. In that case, current induced vev structure will be
modified and all the flavor constraints can be satisfied. One extra advantage of this scenario
is that even though the model is not minimal it will also have a candidate for 750 GeV scalar.
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4.6 Conclusion
We have presented a flavor model based on the maximal subgroup of the global flavor symmetry of the
fermions of SM. The gauged flavor group O(3)L×O(3)R is spontaneously broken down to D3L×D3R
group by a pair of left and right-handed 7-plet. In this D3 preserving limit, the first and the second
generations of fermions are treated in an identical manner making the flavor structure specifically
attractive. The electroweak symmetry is broken by the bi-fundamental φ which is a doublet under
SU(2)L. For the last stage of symmetry breaking, one can introduce a real bi-fundamental ψ with a
off-diagonal vevs of the order of few GeV while the constraints is much more relaxed for the diagonal
vevs. The 〈ψ〉 along with the electroweak vev 〈φ33〉 induces vevs for all the elements of φ fields.
In turn, these induced vevs generate all the masses and mixings for the fermions of SM. Similar
scenario can be portrayed with a pair of fundamentals.
For the model where the D3L×D3R symmetry gets broken by the bi-fundamental ψ field, the scalar
field ψ11 with an admixture of mainly φ11, can have a mass of 750 GeV. Even though in this case
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CHAPTER 5
DARK MATTER IN SO(10) GUTs
5.1 Introduction
A plethora of astrophysical and cosmological observations has established the existence of dark
matter (DM) beyond any reasonable doubt. Its prevalence in the universe has been measured to
be at a much higher rate than that of ordinary baryonic matter. The total mass-energy of the
known universe contains 4.9% ordinary matter, 26.8% dark matter and the rest is contributed by
dark energy [1]. The currently most accurate determination of critical density of dark matter, ΩDM
comes from global fits of cosmological parameters to a variety of observations. Using measurements
of the anisotropy of the cosmic microwave background (CMB) and of the partial distribution of
galaxies, we find that the density of cold, non-baryonic dark matter is:
ΩDM ∼ 0.1186± 0.0020 (5.1)
where h is the Hubble constant in units of 100km/(s.Mpc) [2]. The baryonic matter (BM) density
is given by
ΩBM ∼ 0.02226± 0.00023 (5.2)
Even though more than 80% of the energy density of matter in the universe is composed of such
non-baryonic dark matter, the Standard Model (SM) of particle physics cannot explain this obser-
vation as it lacks any candidate for such (dark) matter.
One of the most promising class of DM candidates is weakly interacting massive particle or
WIMP. These neutral and colorless particles couple to SM particles via weak interactions and have
weak scale masses. The fact that the thermal relic abundance of such particles can well explain the
current energy density of the DM is known as WIMP miracle. Such WIMP particles are predicted
by many well studied models. In most of the supersymmtric (SUSY) models the lightest supersym-
metric particle (LSP) is a well known candidate for WIMP DM. For example, in minimal SUSY SM
(MSSM), R-parity makes the lightest SUSY particle stable and thus becomes a well motivated dark
matter candidate [3].
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To be a competent dark matter candidate, the particle should be stable or have sufficiently long
lifetime compared to the age of the universe. Simple discrete symmetries like R-parity can perform
an excellent job of preventing the particle from decaying. Kaluza-Klein parity [4] in universal extra
dimension models and T-parity [5] in Littlest Higgs models can also stabilize the lightest particle;
turning them into promising dark matter candidate. Similar role is played by a Z2 symmetry for
the case of Inert doublet models [6] or Scotogenic models [7].
SO(10) representation Type of representation Z2 charge
1 rank 0 tensor +
10 rank 1 tensor +
45 rank 2 tensor +
54 rank 2 tensor +
210 rank 4 tensor +
16 pure spinor −
144 vector-spinor −
126 rank 5 tensor +
Table 5.1: List of irreducible representation of SO(10)
5.2 Discrete symmetries in SO(10)
Grand Unified Theories (GUTs) like SO(10) have a lot of attractive features (see Chap. 2). Unlike
many of the previously mentioned cases where the stabilizing symmetries are imposed by hand on the
low energy theories, GUTs can provide a natural framework where unbroken discrete ZN symmetries
can be generated in a plausible way [8]. This phenomenon happens when any extra gauged U(1)
Abelian factors are only broken by order parameters carrying N units of the U(1) charge. SO(10)
is a rank- five group and has an extra U(1) symmetry beyond the SM gauge group.
In general, suppose a GUT Lie group contains an extra U(1) with all of the fields φi have integer
charges Qi while a Higgs field φH has a non-zero charge QH . If QH = 0 mod N a vacuum
expectation value (vev) of H will break the U(1) factor but will imply an effective model still
invariant under the gauge transformation φi → ei2πQi/Nφi, where ei2πQH/N = 1, which is defined
as ZN discrete symmetry. If 〈HN 〉 breaks the extra U(1) of SO(10) while leaving unbroken a ZN
discrete symmetry. The smallest irreducible representation containing HN has highest weight
ΛN = (0 0 0 0 N) (5.3)
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and dimension



























Thus, SO(10) GUT can account for the stability of DM in terms of the remnant ZN symmetry
originating from the extra U(1) gauge symmetry. To realize discrete symmetry corresponding to
N = 1, 2, 3, · · · the dimension of the irreducible representation for the needed Higgs field needs to be
16,126,672, · · · . As long as we consider relatively small representation 126 is the only candidate
and Z2 is the corresponding discrete symmetry. The Z2 charge of various SO(10) multiplets are
given in Table 5.1.
5.3 DM candidates in SO(10) GUTs
Stable SO(10) scalar DM candidates must be odd(−) under the Z2 symmetry, while the fermion
candidates must be even(+). Therefore fermions must originate in a 10,45,54,120,126,210 or
210′ representation, while the scalars are restricted to either 16 or 144 of SO(10) [9, 10]. For a TeV
scale DM, one requires explicit fine-tuning mechanism. It has been shown that if one requires gauge
coupling unification at a sufficient high scale to ensure proton stability compatible with experiments,
a unification scale greater than the intermediate scale and elastic cross sections compatible with di-
rect detection experiments, despite the long list of possible candidates, only a handful survives. The
details of such models of DM has already been analyzed in Ref. [9, 10].
Let us consider the case of (1, 3, 0) fermion under SU(3)c × SU(2)L × U(1)Y . This may emerge
from 45F,54F or 210F of fermions, the simplest case being 45F. As mentioned in the work done
in Ref. [9, 10] one needs fine-tuning to make the mass of this DM particle 2.7 TeV which is needed
for correct relic abundance. A bare mass term (45F)
2 and a coupling with 54H as (45F)
254H will
allow for this. No other fragment of 45F fermion will remain light.
The problem with this scenario is that gauge boson loop corrections will generate mass for
the DM (1, 3, 0) multiplet. X ′ gauge boson which is (3, 2,−1/6) under SM will have a vertex:
(1, 3, 0)(3, 2, 1/6)(3, 2,−1/6) where (1, 3, 0) is DM fermion, (3, 2, 1/6) is a fragment of 45F fermion
and (3, 2,−1/6) is X ′ gauge boson. Since (3, 2, 1/6) fragment from the 45F fermion has a GUT scale
mass, the one-loop induced mass for DM (1, 3, 0) is proportional to the GUT scale (see Fig. 5.1).
So to keep the DM in the TeV range, one needs to fine-tune the fermion mass order by order. While
this can be done, the level of tuning is much more unnatural than fine-tuning only at the tree-level.
On the contrary to the first impression, it is not true that due to chiral symmetry fermion mass will
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X(3, 2, -1/6)
ψ(1, 3, 0) ψ(3, 2, 1/6) ψ(3, 2, -1/6) ψ(1, 3, 0)
Figure 5.1: Feynman diagram for loop correction to the mass of ψ(1, 3, 0) from 45F
be protected in this case. Chiral symmetry only protects the mass up to the mass of other members
of the same GUT multiplet.
If we allow fine-tuning order by order then some of the constraints mentioned in Ref. [9, 10] are
not really needed. For example, it is noted by them that the (1, 3, 0) DM arising from 54F will form
a Pati-Salam multiplet (3, 3, 1) under SU(2)L×SU(2)R×SU(4)c. So making the (1, 3, 0) DM light
may also make other hypercharged triplets (1, 3, 1) under SM light. This is not quite correct. Left-
right symmetry would imply that the entire (3, 3, 1) should have the same mass. However, the 126H
has broken SO(10) down to SU(5). So in the gauge boson sector left-right symmetry is broken. The
gauge boson loops mentioned above will split the masses of the various (3, 3, 1) submultiplets. So,
accepting order by order fine-tuning, technically there is no problem with getting just the (1, 3, 0)
component light as DM in these models as well.
One of the most simplest version of dark matter namely fermionic singlet has been ignored from
the analysis. We propose a generic mechanism to incorporate dark matter into an arbitrary SO(10)
GUT with an unbroken B −L parity. Due to the gauge-singlet nature of the DM candidate and its
supporting interactions this does not interfere with any of the gauge unification, proton lifetime and
other constraints obtained prior to the addition of such a dark sector.
5.4 The fermionic singlet DM in SO(10) GUTs
The idea here is to use the fact that there is a Z2 symmetry left behind the U(1)B−L whenever
the latter is broken by the vev of a 126-dimensional scalar. It is clear that the combination of its
fermionic nature with the even ZB−L2 parity will make a fermionic singlet 1F absolutely stable.




















SO(10) multiplet Statistics ZB−L2 Note
16F − − SM matter
126S + + the U(1)B−L breaker
45S and/or 54S and/or 210 + + GUT-breaking scalars
10S and/or 120S + + extra EWSB scalars
. . . . . . . . . . . .
1F − + the DM candidate
Table 5.2: The SO(10), Lorentz and the B − L parity quantum numbers in the simple SO(10)
GUT models under consideration. The matter singlet at the bottom is the DM candidate as the
combination of the statistics with the ZB−L2 parity make it absolutely stable.
where for simplicity, we assumed the SO(10) symmetry is broken by the vev of 45S (one may employ
〈54S〉 and/or 〈210S〉 instead), Λ denotes the cut-off of the theory (above the GUT scale).
5.4.1 The thermal abundance of singlet fermionic dark matter
The Lagrangian (5.5) gives rise to the processes given in Table 5.3 in the very hot (T & MGUT )
early Universe. In order to avoid the GUT monopole problem in what follows we shall assume that
# Process effective coupling Note
(a) 45S45S ↔ 1F1F ρ/Λ DM production/annihilation
(b) 45S1F ↔ 45S1F ρ/Λ DM scattering
(c) 45S ↔ 1F1F ρ〈45S〉/Λ DM production/annihilation
(d) 1F ↔ 45S1F ρ〈45S〉/Λ Scalar bremmstrahlung
(e) 126S126
∗
S ↔ 1F1F λ/Λ DM production/annihilation
(f) 126S1F ↔ 126S1F λ/Λ DM scattering
(g) 126S ↔ 1F1F λ〈126∗S〉/Λ DM production/annihilation
(h) 1F ↔ 126S1F λ〈126∗S〉/Λ Scalar bremmstrahlung
Table 5.3: The basic scattering/annihilation processes underwent by 1F in the early Universe under
the supervision of the Lagrangian (5.5).
the inflation occurred after the GUT phase transition and, hence, the reheating temperature TR
was significantly smaller than the GUT scale. Under these circumstances, however, the thermal
population of 45S with masses of the order of MGUT shall be negligible and, hence, the reactions
(a) - (d) from Table 5.3 will be incapable of maintaining the 1F DM population (that might have
been also created upon the inflaton decay) in thermal equilibrium with the rest of the world below
126
TR.
Concerning the reactions (e) - (h) from Table 5.3 the singlet of 126S (i.e., the one responsible for
the seesaw scale) should live at an intermediate-scale and, hence, may develop a thermal population
if TR was bigger than the seesaw scale. There are two basic scenarios here:
• If the intermediate symmetry broken by 〈126S〉 contains the full SU(4)C this phase transition
would again produce monopoles which, though not as abundant as the GUT-scale ones, are
unwanted; in such a case the inflation should occur even later. However, for a yet lower TR
the RH neutrinos might not be populated enough to provide a successful leptogenesis.
• On the other hand, if the intermediate symmetry breaking does not suffer from the monopole
issue, i.e., TR may be higher than the mass of the singlet in 126S entering the processes (e) -
(h) (and thus also large enough to excite a thermal population of RH neutrinos) the reaction
(e)1 would maintain the 1F’s in thermal equilibrium as long as






from where we would like to get a condition for the relic to be cold and the abundance to be
roughly correct, i.e., ΩDMh
2
0 ∼ 0.1. The latter condition yields following the classical “WIMP
miracle” reasoning and assuming the current temperature of the DM gas is not parametrically



















K ≈ 0.04 g√
g∗
MPm1Fσ0 (5.9)
where for simplicity, we assumed the thermally-averaged cross-section behaves as an s-wave
(i.e., 〈σ|v|〉 ≈ σ0(T/m1F )n with n = 0) and, given the relevant couplings above,






















which for |λ| < 4π and Λ ≈MP , is never satisfied for m1F smaller than MP .
1Actually, (g) is likely to be irrelevant because the effective coupling is suppressed by 〈126S〉/Λ.
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Hence, we conclude that without other interactions than those in Eq. (5.5) the 1F can not be a cold
relic and, thus, irrespective of what its abundance turns out, it is not a viable CDM candidate in
the scenarios of our interest. This is rather intuitive as a species with only feeble couplings to the
thermal bath tends to decouple soon, i.e., when it is still very relativistic.
5.4.2 The extra scalar singlet
Obviously, the way out is to ensure a much stronger (i.e., renormalizable) coupling with the visible
sector in some way. Perhaps the simplest option here is to add an extra scalar SO(10) singlet 1S
which, by its very nature, is ZB−L2 even. As such, it may couple not only to the DM singlet 1F , but
via the Higgs portal coupling, also to the SM:
L ⊃MS1S2 + y 1F1F1S + κ1SH†H + β 1S2H†H (5.12)
Note that in this case the Boltzmann equations encompass two different processes that may keep
1F in thermal equilibrium to much lower scales, namely
• case i) :
HH† ↔ 1S1S together with 1S ↔ 1F1F (5.13)
This set of reactions should be capable of keeping 1F in thermal equilibrium with the SM fields
(through their couplings to H) in an extended range of m1F , m1S and the relevant couplings.
• case ii) :
1F1F ↔ AA† (5.14)
Here A stands for the SM quarks, leptons and gauge bosons, which is due to the Higgs/1S
exchange and, thus, requires a non-negligible mixing among the two. Clearly, this situation
corresponds to m1S not very far from the electroweak scale (otherwise H and 1S would not
mix sufficiently).
In such a minimal extension of the SM one can include one Majorana fermion χ which is the 1F,
and one real scalar S which is the 1S. Then excluding the kinetic part the Lagrangian for the dark




(Mχχχ+ gsSχχ+ i Sχγ5χ) (5.15)
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where Mχ is the dark matter mass, gs is the scalar coupling and gp is the pseudo-scalar one. The
scalar potential becomes:













S2(φ†φ) + µ31S +
µ3
3
S3 + µS(φ†φ) (5.16)
where φ is the SM Higgs doublet that breaks the electroweak symmetry after acquiring a vev. In















In principle S can also get a vev, but it is always possible to choose a basis where vev of S is zero.




ew/2. In this new basis:



















S3 + µSh2 (5.18)
The S − h mixing term (µ term) provides the portal between the dark matter sector and the SM.
The mass eigenstates of two scalars can be written as:
H1 =h cosα+ S sinα
H2 =S cosα− h sinα
(5.19)
where α is the mixing angle. So, via the Higgs portal such a dark matter can have LHC signature


















Figure 5.2: Feynman diagram of DM decaying into SM particles
5.5 The fermionic 10-plet DM in SO(10) GUTs
If DM is inside 10F of fermion, and if SO(10) is broken by 45H and 126H, then there is no renor-
malizable coupling of 10F fermion with a Higgs that acquires GUT VEV. One can choose the bare
mass of 10F to be at TeV scale. This would mean that the color triplet partner of DM will also
have TeV mass. For DM mass of 1.1 TeV (appropriate for doublet fermion DM from relic density),
the mass of color triplet partner is 3 TeV as the radiative correction to the doublet mass will be
proportional to the triplet mass (see Fig. 5.3). This GUT partner of DM will be observable at
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LHC. Current limit on long-lived gluino is of order 1.2 TeV from ATLAS, and the limit on the GUT
partner color triplet is similar.
In this model, there are other constraints. The color triplet partner of DM will be unstable, but its
X(3, 2, -5/6)
ψ(1, 2, 1/2) ψ(3, 1, 1/3) ψ(3, 1, -1/3) ψ(1, 2, -1/2)
Figure 5.3: Feynman diagram of radiative correction to dark matter mass, where dark matter is a
fermionic weak doublet
lifetime will be 1017 years if the decay is mediated by SO(10) gauge bosons of mass 1015 GeV. This
is not cosmologically viable. If there is an intermediate scale, the lifetime can be < 1 s (shorter than
BBN start) with intermediate scale being 109 GeV. The effective operator is (10F16F)(10F16F)
∗
where 10F is the DM multiplet and 16F is SM fermion. This can be obtained by integrating out a 16-
scalar which does not acquire a VEV. Take the νc like member of 16-scalar as the intermediate state.
It will couple to ψ(3, 1,−1/3), dc and ψ(1, 2, 1/2), ` where ψ(3, 1,−1/3) and ψ(1, 2, 1/2) are parts of 10F.
Here ψ(1, 2, 1/2) contains the DM particle. Thus this diagram will lead to ψ(3, 1,−1/3)→ d+`+DM
decay (see Fig. 5.4). Note that the color triplet partner of DM has no symmetry protecting it from
decaying into DM particle as above.






Figure 5.4: Feynman diagram of color triplet from 10F decaying into DM
character. That is, there must be a splitting in mass of the two neutral members by at least 100
keV. This can also be achieved by an effective term (10F10F)(φ.φ) where φ is the SM Higgs doublet.
This can be obtained by exchanging singlet fermion with mass of order 109 GeV to generate 100
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keV Majorana mass via the ”seesaw” mechanism. The SO(10) level effective operator is (10F10S)
2.
An alternative remains when the entire 10F and a 1F is at the TeV scale. This case has been
studied by various authors [12] under the name doublet-singlet DM. Here there is no need for a
singlet scalar. But if no fine-tuning is allowed, the color triplet partner of DM doublet will be at
around 2 TeV mass.
In such an extension of the SM, we include a gauge singlet fermion S which is 1F and a pair
of fermionic electroweak doublets D,Dc which come from 10F. So the doublets have a vector-like
mass term and the neutral components of the doublets mix with the singlet hrough renormalizabel













where ν and E carries the corresponding SM quantum numbers. So, the Lagrangian is given by:
LDM ⊃ −λDφS − λ′Dcφ̃S −MDDDc −
MS
2
S2 + h.c. (5.21)
where φ̃ = i σ2 φ.
The three physical mass eigenstates for the neutral particles are a linear combination of singlet
and doublet states:
νi = θiS + αiν + βiν
c, i = 1, 2, 3 (5.22)
We assume that ν1 is the lightest Majorana neutral state and is the dark matter candidate. Due
to the λ, λ′ couplings in the Lagrangian this ν1 has a Higgs portal and can decay into SM particles.
Both the spin-dependent and spin-independent cases have been studied extensively from the phe-
nomenological point of view. For a strict WIMP, the possibilities for avoiding direct and indirect
detection are pretty constrained and the prospects for detection or exclusion in the near future are
extremely promising.
This exhausts all the possibilities consistent with the assumption that DM fermion mass is not
to be tuned order by order to TeV scale. For example, if we try to make 45F entirely light at the
TeV scale, renormalization would make the (1, 1, 0) member lighter than the (1, 3, 0) component. It
may be possible to get the correct relic density, but the theory might be very much tuned. Also,
there will be too many exotica at the TeV scale.
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5.6 Conclusion
Despite the colossal success of Standard Model, the physics beyond SM has become an absolutely
necessity. Many extensions of SM manages to explain the origin and smallness of neutrino mass,
baryon asymmetry, dark matter and so on. But seldom one single extension can explain multiple
issues of SM. SO(10) Grand Unified Theory is one of such rare extension which has the potential to
solve all such conundrums.
In this work, we managed to show that one can easily incorporate dark matter in a class SO(10)
models where the B − L has been broken by 126-plet. In such a case, the model has a rem-
nant Z2 symmetry which can ensure the stability of dark matter. The dark matter candidate
can be the singlet of SM coming from different sources. Fermionic DMs must originate from 1,
10,45,54,120,126,210 or 210′ representation, while the scalars are restricted to either 16 or 144
of SO(10). One particular advantage of using 1F besides being the most simplest case is that it does
not interfere with other features of the SO(10) model like unification of gauge couplings. Unfortu-
nately, the singlet fermion alone fails to be a viable dark matter candidate and one needs to extend
the model with a singlet scalar which acts as a Higgs portal. One also has other options like includ-
ing multiplets like 10F along with or without 1F to address the issue of dark matter in a SO(10)
model. Such scenarios are also promising as they possess rich phenomenology and possibilities of
having TeV scale dark matter which can be detected in direct or indirect detection experiments.
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This dissertation has been dedicated to the studies of the physics beyond the Standard Model (SM)
of particle physics. One particular focus of the study was towards a class of extension of SM known
as SO(10) grand unified theory (GUT). Such a model can unify all the gauge couplings at a large
enough scale compatible with the existing bounds on the proton life-time, deliver a realistic Yukawa
sector in agreement with all data on flavor physics, can explain the origin and the smallness of
neutrino masses as well as the origin of the baryon asymmetry of the universe either via leptogenesis
or post-spheleron baryogenesis. SO(10) models can provide viable dark matter candidate through
breaking of a global PQ U(1) symmetry in the form of axions or dark matter can be a SM singlet re-
siding inside a SO(10) multiplet stabilized by a remnant Z2 symmetry of B−L breaking by 126-plet.
In Chapter 2, a minimal renormalizable non-supersymmetric SO(10) grand unified model with a
symmetry breaking sector consisting of Higgs fields in the 54H + 126H + 10H representations was
studied. This model admits a single intermediate scale associated with Pati-Salam symmetry along
with a discrete parity. Spontaneous symmetry breaking, the unification of gauge couplings and
proton lifetime estimates were studied in details in this framework. Including threshold corrections
self-consistently, obtained from a full analysis of the Higgs potential, we showed that the model is
compatible with the current experimental bound on proton lifetime. The model generally predicts
an upper bound of few times 1035 yrs for proton lifetime, which is not too far from the present
Super-Kamiokande limit of τp & 1.4× 1034 yrs. With the help of a Pecci-Quinn symmetry and the
resulting axion, the model provides a suitable dark matter candidate while also solving the strong
CP problem. The intermediate scale, MI ≈ (1013 ∼ 1014) GeV which is also the B−L scale, is of the
right order for the right-handed neutrino mass which enables a successful description of light neu-
trino masses and oscillations. The Yukawa sector of the model consists of only two matrices in family
space and leads to a predictive scenario for quark and lepton masses and mixings. The branching
ratios for proton decay are calculable with the leading modes being p→ e+π0 and p→ νπ+. Even
though the model predicts no new physics within the reach of LHC, the next generation proton
decay detectors and axion search experiments have the capability to pass verdict on this minimal
135
scenario.
In Chapter 3, we presented a general mechanism of electroweak symmetry breaking by evolution
of the Higgs mass parameter of the theory known as “Radiative Electroweak Symmetry Breaking”.
Even though the mechanism fails to work in SM due to the dominance of gauge coupling contributions
to the evolution of Higgs mass parameter, the mechanism is quite successful in various extensions of
SM. The work is based on the fact that with suitable terms in the renormalization group equations
(RGEs), one can evolve the mass parameters in such a way that the mass parameter corresponding
to the electroweak symmetry breaking scalar can be negative in low energy while it starts off being
positive at high energy scale. If such a solution exists one must also ensure the boundedness of
the potential and the perturbitivity of the theory. We showed that such a radiative electroweak
symmetry breaking can occur for SM extensions like Type-II seesaw model, radiative neutrino mass
model and the inert doublet model. Even the simplest extension of SM by a real scalar singlet can
perform such a radiative symmetry breaking and under suitable condition the electroweak vacuum
becomes stable upto planck scale. We have also analyzed a variant of quark seesaw model which
was originally based on a left-right symmetric model and introduces TeV scale vector-like fermions.
The model can accommodate a scalar of 750 GeV which is the potential candidate particle for the
recently reported excess at around 750 GeV diphoton invariant mass, but with a signal strength
lower than initially reported down.
In Chapter 4, one of the maximal subgroup, namely O(3)L × O(3)R of flavor group of SM
fermions, namely [U(5)]
5
was gauged and subsequently broken by the vacuum expectation values
(vevs) of 7-plets (χL,R) of O(3)L,R and electroweak symmetry by the scalar φ which is a complex
bi-fundamental of the flavor group and doublet of SU(2)L. This scalar breaks the flavor gauge group
to D3L×D3R which is nicely supported by the flavor constrains if this structure further gets broken
by vevs of the order of few GeV. This last stage of symmetry breaking can be done by ψ(3, 3) which
is a real bi-fundamental of the gauged flavor group with a particular vev structure or by a pair of
fundamentals ψL + ψR along with a bi-fundamental with diagonal vev structure. Such models can
provide a scalar particle of 750 GeV mass which can be a suitable candidate for the recently reported
excess in the diphoton channel. For the bi-fundamental case, it has been shown that the model can
produce the right order of production crosssection × Branching ratio ≈ 3 fb while the decay width
is of the order of 5 GeV.
In Chapter 5, we have studied the possible dark matter candidate in the context of SO(10)
grand unified theories (GUTs). Motivated by the long list of attractive features of such class of
models, we have studied all the possible TeV scale dark matter candidates in SO(10) GUTs. Being
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a rank-five group SO(10) has an extra diagonal generator which can be identified as the B − L
generator. It has been shown that if the B − L is broken by 126-plet, a discrete group Z2 remains
and can ensure the stability of appropriate dark matter candidate. A lot of possibilities have been
considered and the simplest case - dark matter being a fermionic singlet- has been proposed and
studied extensively. Even though this simple case has the benefit of not spoiling the other features
of SO(10) like gauge coupling unification, such a dark matter has no renormalizable coupling to
SM particle and gets frozen out when it is very relativistic. Again the simplest solution is adding a
singlet scalar that ensure renormalizable coupling with the SM Higgs boson via Higgs portal. Other
possibilities include 10F with or without the fermionic singlet. One important consequence of using
particles from 10F as dark matter candidate is that the multiplet also contains color triplet which
is not protected by any symmetry. Such a color triplet will decay leading to detectable signature
in LHC and one can either establish or exclude the model in near future. Higher representation of
fermions and scalars can also be introduced as DM candidate if the desired component is protected
by the aforementioned Z2 symmetry, but usually requires quite a bit extra fine-tuning and one also
needs to be careful about the effects of such multiplets in the gauge couplings evolution.
Thus the dissertation presents various well motivated extension of SM emphasizing on the fea-
ture commonly known as “unification”. We ended up not having detectable signature in LHC for all
the cases studied, but with the help of other wonderful experiments namely proton decay detectors
like Super-Komiakande, Hyper-Komiakande (in future), DUNE(in future), various dark matter and
axion detectors like XENON, LUX, ADMX can provide a verdict on such models. Even though one
might feel uncomfortable in the absence of a definite experimental guidance, one should also realize
that we have enough experimental evidence of physics beyond SM. One needs to continue investi-
gating theoretically well motivated yet phenomenologically realistic models following the footsteps
of Paul Dirac, who said ”If you are receptive and humble, mathematics will lead you by the hand.”.
Yet the model needs to be able to explain all the experimental evidences. Such a model should also
be able to predict certain outcomes in the current or upcoming experiments all around the world
as ”In reality, a theory in natural science cannot be without experimental foundations; physics, in
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